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Abstract 
 
Caleosins were originally described as one of the two major protein components of storage 
lipid bodies in the seeds of higher plants, the other being oleosins. In contrast with oleosins, 
caleosins have a single calcium-binding EF-hand domain plus several potential 
phosphorylation sites and have been hypothesised as playing a role in lipid-body formation 
and possibly mobilisation in seeds. In Arabidopsis, there are six functional caleosin genes, 
two of which encode seed-specific proteins while the other isoforms are expressed in a 
variety of vegetative and reproductive tissues. More recently, seed caleosins have been 
shown to have a peroxygenase activity but the function of this was uncertain. 
 
This study describes the characterisation of a specific membrane-bound caleosin isoform, 
termed Clo-3 in Arabidopsis and Brassica spp, that appears to be present in all plant tissues 
and is responsive to a variety of biotic and abiotic stresses. Bioinformatic analysis reveals 
that similar caleosin-like genes/proteins are present in all vascular plants, as well as in non-
vascular plants such as mosses, and even in single-celled algae. Intriguingly, caleosin-like 
genes are also present in the genomes of most fungi described to date, with the surprising 
exception of the yeasts. In order to understand the function of caleosins in plants, a detailed 
structural and functional analysis of this novel class of protein is reported here. 
 
Biochemical studies demonstrate that the Clo-3 isoform binds calcium (one atom per 
molecule), can be phosphorylated most likely, by a casein kinase 2 (CK2) protein kinase, and 
has putative peroxygenase activity. In addition to biochemical data, microscopy analysis 
shows that Clo-3 may be located both on the endoplasmic reticulum and chloroplastid 
envelope membranes. specifically the chloroplast envelope. Biochemical evidence of cell 
membrane localisation is also presented. Protease digestion experiments show that the 
membrane bound Clo-3 has a Type I transmembrane orientation, where its N-terminal 
domain faces the lumen of microsomes while the C-terminal is on the cytosolic face. Such an 
orientation is common for receptors or proteins that may be activated by signalling 
molecules. The Clo-3 gene and its encoded protein are each upregulated by salt and drought 
stresses and by abscisic acid (ABA) treatment. Reverse genetics using RNAi knockdown 
mutants demonstrate specific transcription factors involved in regulating Clo-3 during 
 III 
different stresses. Peroxygenase activities of Clo-3 enriched microsomes were higher 
following salt stress. Although the data is representative of potentially many peroxygenases, 
it does provide indirect evidence that Clo-3 abundance increases and/or catalytic activity is 
induced during stress. 
 
The study also presents evidence of the response of Clo-3 to biotic stress and related 
signalling molecules. Arabidopsis Clo-3 is highly responsive to the phytohormone salicylic 
acid, to the salicylic acid synthetic analogue DCINA, the biotic signalling molecule hydrogen 
peroxide, and to infection by the common fungal pathogen of Brassicas, Leptosphaeria 
maculans (Phoma), while experiments utilising the non-expressor of pathogenesis related 
protein 1 (npr1) knockout mutant plant demonstrates Clo-3 response to salicylic acid (SA) is 
chiefly via npr1 translocation to the nucleus. 
 
The type of peroxygenase epitomised by Clo-3 is similar to those involved in the formation 
of epoxy alcohols from fatty acid hydroperoxides. The latter are a class of oxylipins that are 
seen in fungal infection, and also play a role in various aspects of fungal spore development 
including sporulation and a role in cuticle synthesis. As such, Clo-3 in Arabidopsis and 
possibly similar caleosins in other species might play roles in oxylipin signalling pathways 
that are involved in a protective role during both biotic and abiotic stress responses. 
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1.1 Introduction to Caleosins 
 
Until recently oleosin was the only well characterized protein family associated with oil 
bodies. However, oil bodies of diverse seeds purified by various methods often contain small 
amounts of proteins other than oleosins (Millichip et al., 1996; Tzen et al., 1997). Three 
minor proteins termed Sop1-3 were identified in sesame oil bodies by immuno-labelling 
(Chen et al., 1998) suggesting the oil body monolayer is more complex than previously 
thought. One of these proteins initially described as Sop-1 was sequenced (Chen et al., 1999) 
and found to be homologous to a gene product discovered earlier which was expressed in 
developing and germinating seeds of rice in response to abscisic acid or osmotic stress 
(Frandsen et al., 1996; Takahashi et al., 2000). DNA sequencing identified a major open 
reading frame encoding a protein of 27.4kDa which was subsequently confirmed by 
comparing the translation products of cellular, hybrid selected and in vitro transcribed RNAs 
and immunoprecipitation. Two groups subsequently and simultaneously named these 
proteins caleosins by virtue of the fact that they contain one conserved EF-hand, calcium 
binding domain and they were initially believed to be similar to oleosins in being uniquely 
associated with oil-bodies in seeds (Chen et al., 1998; Fransden et al., 1996). However unlike 
oleosin, caleosin has the ability to bind calcium which was confirmed in sesame seed (Sop1) 
(Chen et al., 1999) and Arabidopsis thaliana (RD20) (Takahashi et al., 2000). Caleosin is 
capable of stabilizing artificial oil bodies (OBs) (Chen et al., 2004) and during germination it 
plays a role in the degradation of storage lipids in OBs. It is likely that Arabidopsis caleosin-
1 (AtClo-1) (and most probably AtClo-3) is capable of peroxygenase activity whose reaction 
is involved in the biosynthesis of phytooxylipins and therefore in plant defence. Indeed this 
thesis reveals AtClo-3 to be spatially and temporally regulated at both the gene and protein 
level in response to both abiotic and biotic stress. Caleosins are now known to be a complex 
family found ubiquitously among higher plants from maize, rice, barley to soya and sesame. 
Similar proteins are found in the single celled algae (Chlamydomonas). This is in contrast to 
oleosins, which are only found in higher plants (none so far have been reported in algae). 
Caleosins are also found in several fungi namely the lipid-accumulating fungus, Neurospora 
crassa and the cereal pathogen Magnaporthe grisea (Murphy, 2004). 
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1.2 Literature review 
1.2.1 Caleosins 
1.2.1.1 Evolution of caleosin 
 
Although there are striking structural similarities between caleosins and oleosins, important 
differences do exist. This is particularly evident as caleosins from Arabidopsis thaliana show 
they are members of a large family of as many as seven genes (Murphy et al., 2000). The 
first caleosin in rice (OsClo) was initially cloned by differential screening of a cDNA library 
from ABA-treated rice seedlings (Fransden et al., 1996). The longest open reading frame 
(ORF) encodes a protein with a molecular mass of 27.4kDa. Northern blotting showed that 
OsClo is expressed similarly to some oleosins and to diverse genes encoding late 
embryogenesis abundant proteins. Thus, OsClo is highly expressed late in embryogenesis, 
but is also responsive to ABA and osmotic stress in seedlings and vegetative tissues. 
Similarly, mRNA of an Arabidopsis caleosin homologue was detected in response to ABA 
during dehydration (Takahashi et al., 2000). The sesame caleosin (SiClo) was obtained by 
polymerase chain reaction using degenerate primers based on a partial amino acid sequence 
of the oil body- associated protein Sop-1 (Chen et al., 1998; Chen et al., 1999). The mRNA 
of this caleosin accumulates similarly to that of sesame oleosin, with maximal expression two 
weeks after flowering after which SiClo mRNA is absent from mature seeds (Chen et al., 
1999). In contrast to OsClo, SiClo is therefore apparently seed-specific. 
At the protein level at least two isoforms of caleosins exist. One is tightly bound to lipid 
bodies during seed development whilst the other accumulates in vegetative tissues, and is 
probably an integral component of the ER membrane and maybe associated with vesicle 
trafficking and/or stress modulation (Naested et al., 2000; Hernandez-Pinzon et al., 2001; 
Murphy et al., 2000). 
 
1.2.1.2 Caleosin structure 
 
Hydropathy plots and sequence analyses performed with the GenBank Blast program 
suggested caleosin comprises three structural domains (Chen et al., 1999) i.e. an N-terminal 
calcium-binding domain, a central hydrophobic anchoring domain and a C-terminal 
hydrophilic phosphorylation domain. The proportion of the seed-specific caleosin (AtClo-1) 
phosphorylated was less than that non-phosphorylated. Therefore the non-phosphorylated 
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state of the protein was assumed to be the major form of the protein isolated from seed 
(Purkrtova et al., 2007). Further sequence analysis revealed all of the caleosin proteins 
known to date contain seven characteristic and well-conserved motifs, four of which are 
located in a single block in the N-terminal half of the protein while the other three are 
included in the C-terminal half as follows: 
A relatively hydrophilic N-terminal which is similar to that of oleosin, but unlike oleosin 
contains a single EF-hand, calcium-binding motif consisting of a helix-loop-helix 
arrangement of 28 residues capable of binding just one calcium atom. So far only two 
caleosin proteins have been experimentally shown to bind calcium. The OsClo EF-hand 
expressed as a fusion protein in Escherichia coli binds calcium in vitro (Fransden et al., 
1996). SiClo probably also binds calcium as SiClo1 purified from oil-bodies or 
heterologously expressed exhibits EGTA-retarded and calcium rescued migration in SDS-
PAGE (Chen et al., 1999). The presence of a single EF-hand is intriguing because EF-hands 
are normally found in pairs to promote cooperative binding of two calcium ions in the 
hydrophobic ‘cup’ between the hands (Ikura, 1996). Nevertheless the importance of caleosin 
calcium binding may be associated with response to ABA and osmotic stress. In plant cells, 
cytosolic calcium levels change in response to ABA treatment (Sanders et al., 1999; Knight, 
2000) and an EF-hand protein phosphatase was shown to be part of an ABA-signalling 
pathway (Leung et al., 1994; Meyer et al., 1994). Most EF-hand proteins are either soluble in 
the cytosol or are on the membranes facing the cytosol (Ikura, 1996). Some notable 
exceptions, such as the ER chaperone calreticulin and the Golgi-resident protein 
nucleobindin (Lin et al., 1998) are present within the lumen of the organelles in the secretory 
pathway. Very much like these two proteins, the OB of SiClo and indeed oleosin contain an 
N-terminal signal peptide (N-myristolylated residues). The domain nearest the N-terminus 
and immediately adjacent to the EF-hand is a central hydrophobic region of about 20 residues 
able to form a α-helical membrane bilayer span (Fransden et al., 1996). This hydrophobic 
domain is shorter than the analogous 70-residue domain of oleosins however contains an 
amphipathic alpha helix followed by a pair of anti-parallel beta strands which stabilize the 
anchoring of caleosin within the hydrophobic core of the OB. These anti-parallel beta strands 
are connected via a 10-residue proline knot. Like oleosins it is the central hydrophobic 
proline knot subdomain that is central to OB targeting (Abell et al., 1997). However, unlike 
oleosin, discrepancies exist as to the putative degree of α-helical content of the amphipathic 
proline knot. Secondary structure predictions using the primary sequence of AtClo-1 utilised 
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an algorithm based upon soluble proteins and as such a prediction of α-helical content within 
aqueous environment suggest a high α-helical content of 27% according to GOR4 program 
and 34% according to NPS program (Purkrtova et al., 2007). However these predictions do 
not account for the interactions of the caleosin with the surrounding medium. Therefore 
circular dichroism (CD) spectroscopy predicted just 16% α-helix in an aqueous environment 
of 50mM Tris HCl pH8. However, an aqueous environment is not natural for AtClo-1. 
Consequently Purkrtova et al, (2007) utilised solutions non-cyclic saturated aliphatic 
alcohols of decreasing polarity to model a consequential increase in the OBs hydrophobic 
environment which proportionally increased α-helical content to a maximum of 39% prior to 
denaturation. This experimental result supports the fact that the α-helical proline knot is 
central to OB targeting. The importance of the central hydrophobic domain is confirmed in 
the constitution of stabilized artificial oil bodies (AOB) composed of triacylglycerol and 
phospholipid. The results show that stabilization of AOB could only be realized by oleosin or 
caleosin but not steroleosin. The required topology for AOB stabilization seems to be a 
central hydrophobic domain which steroleosin lacks. Moreover, AOBs constituted with 
caleosin were ten times smaller with a higher thermostability up to 70
o
C as compared with 
those constituted with oleosin. Caleosins are negatively charged at neutral physiological pH 
and therefore confer stronger electronegative repulsion at the surface. This together with 
caleosins’ smaller size presumably results in increased AOB stabilization over oleosin (Chen 
et al., 2004). The majority of plant caleosin C-terminal hydrophilic regions contain four 
potential phosphorylation sites, three for casein kinase 2 and one for a protein kinase. Some 
of these sites are also found in the fungal and algal proteins. 
 
A significant development in caleosin structure-function relationships occurred recently 
when a French research group discovered a plant seed peroxygenase in oat which is an 
original heme-oxygenase with an EF-hand calcium binding domain. Sequencing of the N-
terminal of the purified protein showed no sequence homology with either a peroxidase or 
cytochrome P450 but rather with caleosins. Utilizing recombinant thale cress and rice 
caleosin expressed in yeast revealed the caleosin demonstrates hydroperoxide-dependent 
mono-oxygenation reactions characteristic of peroxygenases. Site directed mutagenesis 
revealed two highly conserved histidine residues within the N-terminal domain consistent 
with a high spin pentacoordinated ferric heme required for peroxygenase activity. Calcium 
was found to be crucial for peroxygenase activity whereas phosphorylation of the protein had 
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no impact on catalysis. Proteinase K proteolysis showed the caleosin buried deeply within 
lipid droplets or microsomes with only 2 kDa at the C-terminal end accessible to proteinase 
K digestion. This seed specific caleosin has sequence homology with AtClo-1 (Hanano et al., 
2006).   
 
We can conclude that caleosin structure although speculative might be involved in some 
form of calcium modulated membrane or transmembrane signalling either as part of ABA 
signalling or vesicle trafficking or both. These caleosin domain properties are used as a basis 
of the structural models of caleosins as depicted in figure 1.1A and figure 1.1B. 
 
1.2.1.3 Models of caleosin  
 
Caleosins are thought to bind to either lipid bodies or to membrane bilayers. Depending on 
the type of lipid assembly (either a lipid mono or bilayer) with which it associates, a caleosin 
may adopt a very different tertiary structure. All caleosins described to date contain a 
putative membrane spanning α-helix and a potential lipid-body binding proline knot domain 
allowing them to insert into a lipid mono or bilayer (Chen et al., 1999; Abell et al., 1997). 
Therefore it is possible that the same calesoin isoform could bind to a variety of different 
types of lipid assembly ranging from endoplasmic reticulum (ER) membrane, transport 
vesicles, lipid bodies and tonoplasts (Murphy, 2001). The models shown are based on 
structure prediction algorithms, however like oleosin the algorithms are based on large 
globular proteins rather than membrane spanning proteins. 
 
The secondary structure model of caleosin binding to a lipid bilayer i.e. membranes and 
vesicle membranes are presented in figure 1.1A. This orientation is probably mediated by the 
strongly predicted membrane-spanning helix which would normally adopt a type I 
orientation on the ER membrane i.e. N-terminal facing the lumen and the C-terminal facing 
the cytosol. Such an orientation would enable the calcium binding EF hand domain (Ca) to 
interact with pools of calcium within the ER lumen (Murphy, 2001). It would also place the 
highly conserved tyrosine kinase phosphorylation site (TK) and the casein kinase 2 sites on 
the cytosolic side of the membrane where they could interact with cytosolic protein kinases. 
The proline knot motif (PPP) is a relatively hydrophobic region and is therefore depicted as a 
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loop within the lipid bilayer. The typical orientation of caleosin is a classical arrangement of 
a protein involved in signal transduction or regulatory functions within cells. 
 
The secondary structure model of caleosin on the surface of an oil body (monolayer) is 
depicted in figure 1.1B. The binding of caleosin to lipid bodies is probably mediated by the 
relatively hydrophobic proline knot and putative α-helical domain as they are in oleosin 
(Abell et al., 1997). Since they are orientated at the monolayer interface, these regions must 
loop in and out of the lipid body exposing the more polar N- and C-terminal domains to the 
cytosol. Two short anti-parallel β strands which connect to the proline knot are paired with 
amino acids of similar hydrophobicity and are stabilized with hydrogen bonding. Most 
residues in the central domain are hydrophobic and surrounded by hydrophobic tails of the 
phospholipids while seven relatively hydrophilic residues are located within the hydrophilic 
region of the phospholipid headgroup (Chen et al., 1999). This structural model is applicable 
not only to different caleosins but also to three other calcium-binding proteins, parvalbumin, 
calmodulin and Troponin-C (Chen et al., 1999). The predicted two helices near the N-
terminal and the one calcium binding loop in the EF-hand motif are associated with glycine 
which acts as a structural turning-point. 
 
The caleosin structure model is not likely applicable to caleosins that contain relatively 
hydrophilic sequences in the corresponding region of the central hydrophobic domain. These 
caleosins may well be of the isoform not present in oil-bodies but rather in vegetative tissues. 
This isoform is more likely to adopt the structure depicted in figure 1.1A. It is these 
caleosins, which may perform a common biological function in vesicle transport or ABA and 
stress adaptations involving signal transduction via calcium signalling and/or 
phosphorylation (Frandsen et al., 2001). 
 
1.2.1.4 Caleosin isoforms 
 
Arabidopsis genomic database analysis, expression sequence tags (EST) and antibody data 
suggests that there are at least nine separate DNA sequences which is denoted as AtClo1-9 
that encode caleosin-like proteins expressed from four out of the five Arabidopsis 
chromosomes. Such a large gene family within one of the smallest plant genomes suggest 
caleosins have an important function. Previous research revealed AtClo 2, 3 and 4 transcript 
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levels remained low in most tissues (Naested et al., 2000).  Several of these genes can be 
assigned to their corresponding protein isoforms. It was originally thought that only one 
caleosin protein (the 27kDa isoform) was preset in seeds (Chen et al., 1999). However, it was 
later reported that caleosins are not confined to developing seed tissue but can also be 
detected in germinated cotyledons, roots and true leaves. However, only a single band of 
approximately 27kDa was detected using the standard 2D Laemlli SDS-PAGE system 
(Naested et al., 2000). However, highly resolving Tricine-based SDS-PAGE gels have 
enabled researchers to resolve differences in protein weight as low as 1 kDa. This has 
enabled the distinction, physically, between the caleosin isoforms of which there are at least 
two, both of which are found not only in Arabidopsis but also other plants including Brassica 
napus and Brassica rapa and most likely in all plants. These proteins of molecular weight 25 
and 27 kDa’s, bind to lipid-bodies or ER membranes, respectively (Naested et al., 2000; 
Hernandez-Pinzon et al., 2001). However, to demonstrate that the 25- and 27 kDa isoforms 
were different proteins and not modifications of the same polypeptide, their respective 
binding to different antibodies was analysed. (Naested et al., 2000; Hernandez-Pinzon et al., 
2001). The use of an isoform-specifc antibody probe concluded that the 25kDa protein 
corresponds to the AtClo-1 gene product of Arabidopsis. This is consistent with the 
expression patterns of the AtClo-1 gene, which increases most rapidly from mid-cotyledon 
stage of embryo development which is coincident with the rapid accumulation of storage 
products such as lipid bodies and proteins. This gene product was the 25kDa oil body 
associated isoform (Neasted et al., 2000). The 25kDa isoform is only synthesised during mid 
to late stage of seed development and is exclusively located on the surfaces of oil bodies. 
This caleosin isoform was first cloned and described by Chen et al, (1998) as the sesame 
caleosin SiClo1. This 25kDa isoform persists after seed desiccation and dispersal along with 
oleosin as a major oil body associated protein and is subsequently mobilised with the storage 
lipid bodies after seed germination. This isoform maintains its presence 2 days after seed 
imbibition and then gradually decreases until no longer detectable 6-7 days after seed 
imbibition (Hernandez-Pinzon et al., 2001). In contrast the 27-kDa caleosin isoform detected 
in microsomal fraction which is proposed to be ER-associated and appears to be present in 
many tissues including roots, stems, true and young leaves. This isoform was first discovered 
by differential screening of a cDNA library from ABA treated seedlings (Fransden et al., 
1996). The most likely candidate for the ER caleosin gene is AtClo-3, which encodes a 236-
residue protein of predicted relative mass of 25.5kDa, which although closer to the predicted 
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weight of AtClo-1, is close to the observed value on SDS-PAGE of 27kDa (Hernandez-
Pinzon et al., 2001). 
 
1.2.1.5 Caleosin localisation 
 
The fact that caleosin was expressed both in seeds and vegetative tissue including roots 
prompted an examination of caleosin localization. Using sections of rapeseed root tip cells; 
immunodetection showed that caleosin was associated with both membrane fractions as well 
as oil bodies, which also contained immunodetectable oleosin (Naested et al., 2000). 
Caleosin immunolabelling was then compared with different marker proteins. This showed 
that caleosin did not co-localize with BP-80, a vacuolar sorting receptor, found in pre-
vacuoles and Golgi (Paris et al., 1996). In contrast, caleosin appeared to co-localize with BiP, 
an ER marker, and with α-TIP, a marker for the protein storage vacuole or the autotophagic 
vacuole (Hoh et al., 1995; Paris et al., 1996; Jauh et al., 1999) suggesting an associated 
localization these two organelles. Co-localization with α-TIP was seen as spots on the 
tonoplast membrane surrounding the α-TIP vacuole. These results indicated that caleosin is 
not a ubiquitous ER protein, but one which may reside in the tonoplast membrane of protein 
storage vacuoles/autophagic vacuoles. Co-localization was also examined for oleosin as it 
seemed likely that caleosin in roots might be associated with oil bodies. Indeed it was found 
by immunoblotting and immunolocalization that oleosin and caleosin are present in root tip 
cells of rapeseed in organelles with the appearance of oil bodies (Naested et al., 2000). These 
oil bodies may be found both outside and within α-TIP-labelled vacuoles suggesting these 
vacuoles maybe autophagic (Van Der Wilden et al., 1980). In cells containing cytoplasmic or 
extra-vacuolar oil bodies most of the caleosin is co-localized with BiP and α-TIP but some 
co-localized with oleosin. These results indicate that caleosin is associated with oil bodies in 
both embryos and root tips. The presence of oil bodies has been reported in root tips/caps of 
rice (Sargent and Osborne, 1980), peas and maize (Craig and Staehelin, 1988) and garden 
cress (Hensel, 1986; Busch et al., 1993) and these data suggest that root oil bodies contain 
two proteins previously believed to be specific for seed lipid bodies i.e. caleosin and oleosins 
(Naested et al., 2000). Moreover, as oil body formation probably occurs in the ER, the co-
localization of caleosin, α-TIP-vacuole membranes and the ER marker BiP may represent an 
ER subdomain associated with both vacuolar biogenesis and oil body formation. It has also 
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been reported that that oil bodies in root tip cells from garden cress concentrate calcium 
(Busch et al., 1993) which would be consistent with the presence of caleosin on their surface. 
 
1.2.1.6 Caleosin Function 
 
To begin with, even when disregarding caleosins’ conserved structural features, the fact that 
it belongs to such a large gene family of a simple plant genome (Arabidopsis) immediately 
suggests the potential importance of caleosin. It is probable that caleosin function is 
determined by its isoform in that the seed specific AtClo-1 may be involved in lipid body 
fission/fusion events whereas the vegetative tissue specific AtClo-3 is involved in stress 
adaptations. The conserved structural features of caleosin suggest that caleosin function is 
potentially modulated by calcium binding and phosphorylation. Indeed, it was shown that 
rice Clo-1 requires one bound Ca
2+
 for its enzymatic activity whereas although Clo-1 does 
bind phosphate and casein phosphorytion sites are responsible for this, phosphorylation per 
se does not result in any catalytic change. Therefore it is probable that only Ca
2+
 modulates 
Clo-1 activities.    
 
1.2.1.6.1 Clo-1 Seed specific caleosin  
 
Growing experimental evidence suggests that Clo-1 could be involved in membrane and oil 
body fusion (Naested et al., 2000; Fransden et al., 2001; Liu et al., 2005; Poxleitner et al., 
2006). Indeed the fact that caleosin co-localizes in an ER subdomain with α-TIP suggests 
Clo-1 maybe associated with both vacuolar biogenesis and oil body formation. Calcium- 
mediated fusion has been shown to be a key aspect of the maturation of microlipid bodies 
released from the ER to produce large cytoplasmic lipid bodies characteristic of animal 
storage cells (Vallivullah et al., 1988) and those found in milk secreting mammary glands 
(Murphy and Vance, 1999). Likewise, in seeds and other storage lipid-accumulating plant 
tissues, nascent lipid bodies are released as small droplets from the ER, which undergo 
several rounds of fusion in a calcium-dependent manner to produce mature 0.4µm-2µm 
diameter lipid bodies characteristic of such tissues (Huang, 1996; Sarmiento et al., 1997). 
The binding of caleosin with lipid bodies or ER membranes may be regulated by their 
calcium binding in a similar manner to the calcium-mediated association of lipocortin-1 with 
plasma membranes in human cell lines. Lipocortin 1 (annexin I) is a calcium- and 
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phospholipid-binding annexin protein, which can be externalised from cells despite the lack 
of a signal sequence. In plant cells, various physiological stimuli induce the elevation of 
cytosolic calcium concentration. Intracellular calcium functions as a ubiquitous second 
messenger in a wide variety of cellular processes (Sanders et al., 1999).  
 
In some cells, oil-bodies maybe taken up by vacuoles with tonoplast α-TIP which is formed 
by budding off or maturation of the ER subdomain containing caleosin as several studies 
demonstrated the presence of oil bodies within the central vacuole in germinating seeds 
(Naested et al., 2000; Poxleitner et al., 2006). Further recent evidence supports the fact that 
Arabidopsis AtClo-1 is directly involved in oil body fusion events. A seed-specific barley 
caleosin/GFP fusion protein accumulated just 12h post-transformation on the endo-
membrane system as small vesicles which moved rapidly and appeared to both aggregate and 
degrade. (Liu et al., 2005). This is also consistent with the findings of Fransden et al., (2001). 
At 48 h post-transformation most of the expressed Clo-GFP fusion protein is associated with 
oil bodies which also co-localize with oleosin-GFP fusion protein. This suggests that the 
originally small oil bodies fuses or aggregate over time to form larger OB. This is consistent 
with the fact that Arabidopsis AtClo-1 co-localises with the ER marker Bip and also with 
membranes labelled with α-TIP, the marker for protein storage vacuoles. It is interesting to 
note that early in seed embryo development AtClo-1 is associated with both the ER and OBs.  
It has been observed that caleosins persist as integral oil body proteins throughout seed 
desiccation, dormancy and for at least 6 days after germination at which point triacylglycerol 
(TAG) is released to fuel further seedling growth (Naested et al., 2000). 
 
A recent study proposes evidence to suggest that caleosin may play a role in the interaction 
of OB’s with vacuoles as immunogold labelling demonstrated engulfed oil bodies containing 
oleosin and caleosin surrounded by α-TIP positive membranes. Moreover, the vacuoles from 
the AtClo-1 mutant cells studied 48 h after germination show dramatic differences in 
vacuolar morphology such as clumping and fewer oil bodies present within the vacuoles. 
Taken together this evidence suggests the ability of the protein storage vacuole (PSV) to 
develop into lytic vacuoles is impaired in the absence of AtClo-1. It is proposed that the 
transient interaction of oil bodies with the tonoplast membrane in a caleosin dependent 
manner disrupts the oleosin barrier and consequently allows access by a lipase from the 
cytoplasm. However, no experimental evidence suggests this. The same study also suggests 
the possibility that oil bodies could also interact with other organelles such as glyoxysomes 
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(Poxleitner et al., 2006). It has been suggested that lipid bodies may dock with glyoxysomes 
to facilitate concerted lipolysis, fatty acid oxidation and gluconeogenesis that occurs during 
storage of lipid mobilization (Chapman and Trelease, 1991). However, for TAG within oil 
bodies to be catabolized this must involve the action of lipases that hydrolyze TAG to release 
free fatty acids. Further metabolism of fatty acids to succinate occurs in the glyoxysome 
followed by conversion to malate or oxaloacetate in the mitochondria and finally to 
carbohydrate in the cytoplasm. The exact mechanism and the site(s) of action of the lipases 
are controversial. How might the lipases penetrate the coat of the oil bodies to gain access to 
the TAG particularly when surrounded by a monolayer of oleosin? Recent work has shown 
the presence of patatin-like TAG lipase (PTL) called SUGAR-DEPENDENT 1 (SDP1) 
which localises with oil-bodies and is required for the initial breakdown of TAG (Eastmond, 
2006; Quettier and Eastmond, 2008). The answer may also lie with aquaporins which were 
recently discovered in relatively low abundance in Arabidopsis oil bodies. Aquaporins form a 
hydrophobic channel to facilitate the uptake of water and small uncharged metabolites like 
urea and glycerol during lipolysis and germination (Jolivet et al., 2004). As such the lipases 
may translocate across the lipid monolayer via the aquaporins. Nevertheless, evidence of 
direct interaction of oil bodies with glyoxysomes has been presented (Hayashi et al., 2001) in 
which a cytoplasmic interaction would require the involvement of lipases at neutral pH. 
However, other data indicate that oil bodies may interact with vacuoles as part of the process 
of TAG degradation. The common factor involved here is the interaction with a membrane of 
another organelle which may help breach the phospholipid monolayer of the oil body to 
provide access by lipases. Although a tempting mechanism involving caleosin mediated oil 
body organellar fusion, no direct experimental evidence as yet exists to prove this. 
 
It has also been suggested that caleosin associated with membrane fractions might be 
involved in membrane-fission and/or fusion related to trafficking from the ER to storage 
vacuoles or transport vesicles. Caleosin-mediated trafficking might involve trans-interactions 
that is interactions between caleosin and one membrane or OB and caleosin on another 
membrane or OB thus creating a high affinity site for binding of two calcium ions. Caleosin 
calcium binding is mediated through their EF-hand, calcium-binding domains. Nearly all 
characterized EF-hand proteins contain one or more pairs of EF-hands that each binds two 
calcium atoms cooperatively with high affinity whereas single EF-hand protein domains only 
bind single calcium with relatively low affinity (Ikura, 1996). It is therefore possible a 
caleosin monomer forms dimeric or cis-associations with another caleosin in the same 
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membrane or lipid body to establish a pair of EF-hand calcium binding required for high 
affinity. Indeed this has been experimentally confirmed for Arabidopsis AtClo-1 (Hanano et 
al., 2006). Alternatively, caleosins on one membrane or lipid body may form trans-
associations with caleosins on a different lipid body or membrane in order to establish paired 
binding to calcium. Such putative trans-interactions have similarities with v-SNARE/t-
SNARE and tethering factor interaction that are involved in membrane fusion in all 
eukaryotic cells (Mayer, 1999; Pfeffer, 1999) including plants (Sanderfoot and Raikhel, 
1999). 
 
1.2.1.6.2 Arabidopsis AtClo-3 
 
The initial discovery of caleosin was through Northern blotting identification of an mRNA, 
which accumulated in germinating rice seeds in response to the phytohormone abscisic acid 
(ABA). However it was later revealed the corresponding mRNA accumulated in response to 
abiotic osmotic stress including high salinity and drought stress (Fransden et al., 1996). It is 
interesting to note that both calcium and protein phosphorylation are involved in abiotic 
stress and ABA signalling (Xiong et al., 2002). Recently, research showed an Arabidopsis 
gene encoding an EF- hand, Calcium binding protein similar in homology to OsClo is also 
induced independently by ABA and osmotic stress (Takahashi et al, 2000).  Indeed, oleosin 
expression is also responsive to ABA (Plant et al., 1994) as are certain enzymes involved in 
oil body formation (Murphy and Vance, 1999). However, this author reveals evidence 
showing a specific Arabidopsis caleosin isoform, (AtClo-3), is also responsive to biotic stress 
and the systemic acquired resistance (SAR) dependent phytohormone, salicylic acid, at both 
the gene and more importantly the protein level. Caleosin must therefore function in abiotic 
and biotic stress adaptations in plants. It is, therefore, feasible to speculate that caleosin may 
have a dual function which is determined by its spatial characteristics. A significant 
development in determining the exact role of caleosin was revealed by a recent study which 
showes AtClo-1 as an atypical heme-peroxygenase which contains a high spin 
pentacoordinated ferric heme capable of versatile oxygenase activity which is strictly 
hydroperoxide dependent (Hanano et al,. 2006). Very recent data confirms AtClo-1 is in 
close proximity with lipoxygenase on the oil body (Schmidt and Herman, 2008). Although 
presently the physiological function is not fully established it is suggested that the 
peroxygenase activity of caleosin requires fatty acid hydroperoxides as a substrate derived 
from the catalysis of lipoxygenase on linoleic and linolenic acid which subsequently leads to 
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the formation of epoxy and trihydroxy derivatives of which show antimicrobial and possible 
signalling activities (Blee, 1998). This is consistent with this authors finding that AtClo-3 
exhibits significant stress responses to biotic as well as abiotic stresses. Although AtClo-1 
might well be involved in calcium dependent oil body fusion events, the vegetative 
membrane bound isoform AtClo-3 may be more important in stress responses. However, this 
investigation shows the apparent importance of this membrane bound caleosin in both abiotic 
and biotic stress responses. 
 
1.2.2 Oleosins 
1.2.2.1  Introduction to Oleosins 
 
Oleosins are the most abundant oil body-associated proteins and indeed much of the oil body 
surface may be covered by oleosins (Tzen and Huang, 1992). Only recently the elucidation of 
the protein composition of oil bodies in Arabidopsis showed that oleosins are the most 
abundant proteins in this model plant system. Oleosins are a class of relatively low molecular 
weight, alkaline proteins of 15-24kDa. While only one oleosin is found in gymnosperms (Wu 
et al., 1999), two immunologically distinct oleosin isoforms are present in diverse 
angiosperms and have been shown via immuofluorescence to coexist on the same oilbody 
(Tzen et al., 1998). Oleosins were thought to be unique to oil bodies as shown by 
immunocytochemistry and subcellular fractionation (Murphy et al., 1989). Data indicate that 
some 5% of oleosin is on ER segments near oil bodies (Sarmiento et al., 1997) and has also 
been detected in young roots of peas, rapeseed and Arabidopsis (Murphy et al., 2000). 
Oleosin-like mRNA has also been reported in anthers of Arabidopsis and rapeseed (Murphy 
and Vance, 1999). More recently, transgenic rapeseed expressing the marker enzyme β-
glucuronidase (GUS) under the control of an oleosin promoter was able to synthesize GUS in 
young roots of seedlings in addition to normal synthesis in seeds (Murphy et al., 2001). 
Moreover, emerging evidence suggests some cell types in roots are able to express genes that 
are normally associated with storage product formation in seeds (Murphy et al., 2001). The 
above evidence suggests the distribution of oleosin is more complex than originally thought 
and is present not only in all desiccation-tolerant seeds but might also expressed in some cell 
types in roots. However it is worth noting oleosins are absent from highly lipogenic tissues 
such as non-desiccating seeds and fruits. 
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1.2.2.2 Oleosin Structure 
 
Oleosin contains 3 structural regions, an amphipathic N-terminal region of 50-70 residues, a 
central hydrophobic (H) domain of about 70-80 residues and an amphipathic C-terminal 
domain of variable length. The central hydrophobic domain is flanked by the hydrophilic 
cytosolic domains.  The defining characteristic of oleosin is the 70-80 non-polar residues that 
are uninterrupted by any charged residues and make up the hydrophobic domain. Caleosin 
has a rather similar structure albeit contains several other domains. Within the middle of the 
hydrophobic domain there are three prolines as follows: ATPXXXXFSPXXXPA, where X = 
V, I, L or F. This motif is the proline knot (Abell et al., 1997) and probably plays a key role 
in oleosin targeting to oil bodies. Caleosin also contains a highly conserved proline knot 
across a wide range of species. Although the primary structure of over 100 different oleosins 
from different plants is known, the elucidation of their secondary structure particularly the 
fine structure of the central hydrophobic domain, represents a formidable challenge. The 
reasons: firstly it is not possible to utilize conventional direct secondary structure 
determination methods such as circular dichroism (CD) or Fourier-transform infra-red (FT-
IR) spectroscopy due to technical reasons associated with this protein. Secondly, the 
available algorithms for the prediction of secondary structure are associated with soluble 
globular proteins or membrane proteins associated with bilayers (Murphy, 2004). Similar 
difficulties arise pertaining to caleosin secondary structure determination. Nevertheless, the 
available algorithms predict a β-strand structure for the central domain (Li et al., 2002). 
More indirect methods have been used to infer oleosin secondary structure such as protease 
protection studies and differential availability to antibodies. It is possible to conclude with 
some degree of certainty that the more polar N- and C-terminal domains extend out of the 
membrane solubilised in the cytosol. However the fine structure of the central domain still 
remains an enigma. Several models have been reported which unfortunately provide 
conflicting results. Even some of the most recent structural studies continue to conflict 
suggesting that the central hydrophobic domain is mostly β-structure (Li et al., 2002) or is 
mostly α-helical structure (Alexander et al., 2002). Nevertheless, we can be fairly sure that 
the central hydrophobic domain of oleosin is embedded in the oil body core. One recent 
study shows the importance of oleosin ER topology and its ability to target oil bodies. 
Oleosin is synthesised in the ER where native oleosins are proposed to move laterally in the 
ER membrane until they flow into a region of TAG enclosed between the ER membrane 
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leaflets. The drive for this movement is probably due to thermodynamic advantages of 
moving the H-domain from a phospholipid bilayer where the H-domain is in a constrained 
state to a TAG droplet where the H-domain is relaxed. Straddled or inverted oleosins (where 
the N-domain is present within the ER lumen) are not able to move from the ER to oil 
bodies. Moreover, the cytosolic arms flanking the H-domain may be interchangeable with 
only moderate reduction in oil body targeting. Therefore, oil body targeting depends on a 
specific ER membrane topology, the proline knot motif, but does not require a specific 
sequence of the H-domain flanking arms. (Abell et al., 2004). 
 
1.2.2.3 Oleosin Function 
 
Oleosins play important roles in the stability of oil bodies. For example the stability of 
isolated oil bodies is destroyed by trypsin treatment while treatment with phospholipase does 
not affect integrity of oil bodies before trypsin removal of oil bodies (Tzen and Huang, 
1992). Moreover, oil bodies which contain a relatively reduced number of oleosins such as in 
younger seeds, or indeed, are completely deficient in oleosins are unstable to cycles of 
dehydration/rehydration (Leprince et al., 1998 and Murphy unpublished results). 
Furthermore, oil bodies from seeds that have experienced 2-3 days post germination and 
require the release of stored TAG are susceptible to lipases. Oleosins have a net negative 
charge, which may prevent aggregation and coalescence especially during cycles of 
dehydration/rehydration (Tzen et al., 1992). The physiological role of such oleosin-
dependent stability could be prevention of coalescence during seed desiccation and the 
maintaining of oil bodies as discrete and relatively small organelles. This ultimately allows 
oleosin-containing seeds to withstand desiccation and long periods of dormancy. Moreover, 
this also protects them from the rigours of rehydration during which the conditions are right 
for germination while still being able to store over 50% of their weight as oil bodies. This 
ultimately allowed them to colonise new habitats during evolution, away from the moist 
tropical and sub-tropical regions. Since oleosin and caleosin but not steroleosin contribute to 
the structural stability of seed oil bodies, it is of vital importance that these two proteins 
remain stable and viable throughout seed maturation and desiccation. A study found both 
oleosin and caleosin but not steroleosin are co-translationally modified by N-terminal 
acetylation (Lin et al., 2005). This enhances thermal stability and commonly impedes protein 
turnover mediated by the ubiquitin-degradation system (Cumberlidge and Isono, 1979). The 
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increased structural stability of N-acetylation affords the long-term protection of the oil 
bodies (Lin et al., 2005). 
Oleosins are synthesized in association with the rough ER and are co-translationally inserted 
into the ER membrane. Oleosin-like caleosins lack a cleavable signal sequence and may 
therefore contain sequences or attain a different conformation, which targets them to oil 
bodies. Maize oleosin expressed from a napin promoter is correctly transported and 
assembled to rapeseed oil bodies (Lee et al., 1991). Removal of the N- or C- terminal has 
little or no effect on targeting to membranes (Van Rooijen and Moloney, 1995). However, 
removal of the central hydrophobic domain severely reduces oil body targeting and the 
truncated proteins are rapidly broken down. Indeed, the proline residues located within the 
central hydrophobic domain probably play an essential role in targeting. Site directed 
mutagenesis of three proline residues to alanine results in a much-reduced targeting 
efficiency (Abell et al., 1997). How and when oleosin accumulates on oil bodies is a matter 
of debate. Several models currently exist each of which are supported by experimental data. 
However, oil bodies are released from the ER either with or without oleosin. If without, 
oleosin is targeted during oil body maturation and might play a possible role in determining 
the final size of lipid bodies but seems unlikely to have any function in oil body biogenesis or 
maturation in seeds. Nevertheless maturation of lipid bodies is often accompanied by a re-
tailoring of their components in association with enzymes located on the ER membrane 
outside of oil bodies (Athenstaedt et al., 1999). Therefore even oil body maturation now 
plays a greater dynamic role than previously thought. 
 
1.2.2.4 Oleosin and oil body breakdown 
 
Oil bodies are degraded during germination and cotyledon senescence to mobilise stored 
TAG (Thompson et al., 1998). Lipases are synthesized and may associate with oil bodies 
during germination (Huang, 1992). It has therefore been suggested that oleosin may contain a 
binding site for lipases or be a lipase activator (Huang, 1992; Murphy and Vance, 1999). 
Moreover, evidence suggests that oleosins are partially digested but retain their antibody 
recognition sites and their binding to oil bodies. This partial digestion does not instantly 
affect integrity of oil bodies but may render them more susceptible to lipase attack in future 
(Tzen et al., 1997). This does not suggest oleosins contain a bona fide lipase-binding site. 
Indeed, both non-desiccating and oil-bearing fruits are fully capable of accumulating large 
quantities of oil bodies in the absence of oleosin. Moreover, oleosin-deficient seeds including 
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cocoa and red oak are able to degrade storage of TAG (Murphy, 2001). This suggests 
oleosins are not required or directly involved in the biogenesis or maturation of oil bodies.  
Glyoxysomes are thought to metabolise the fatty acids resulting from the action of lipases on 
TAG of oil bodies. Close physical contact between glyoxysomes and oil bodies has been 
observed which could facilitate the transfer of fatty acids from oil bodies to glyoxysomes. It 
is thought that the oleosin coat of oil bodies is proteolytically degraded when TAG is 
mobilised, since oleosin disappears rapidly together with TAG. A recent study shows 
biochemical and microscopic evidence that a 65 kDa cytosolic thiol-protease activity from 
sunflower seedling cotyledons coincides with the gradual degradation of oleosins during seed 
germination (Vandana and Bhatla, 2006). It has also been suggested that phospholipids from 
oil bodies become associated with the tonoplast membrane of the expanding vacuole and/or 
are the source for the enlarging glyoxysomal membrane (Huang, 1992). 
 
The one function that is definitely associated with oleosins is to provide a stable outercoat 
around oil bodies to subsequently withstand long periods of desiccation prior to rehydration 
and thus delaying germination until conditions are more appropriate. There is little or no 
evidence that oleosins are required for either the biogenesis or mobilization of oil bodies in 
plants. However, the biogenesis, maturation, mobilization of lipid bodies is probably a much 
more dynamic process than previously suspected which may involve protein-protein and/or 
protein lipid interactions. 
 
1.2.2.5 Biogenesis 
 
Analogous to bilayer membrane trafficking the ontogeny of lipid bodies involve the 
accumulation of components in subcellular domains, frequently the ER, followed by budding 
off from the bilayer and their release into the cytosol. As they mature the droplets coalesce 
until they reach a defined size (Murphy and Vance, 1999). In at least one case (animal not 
plant) such lipid-body fusions can be regulated by calcium (Vallivullah et al., 1988). A 
recent study has for the first time ablated or severely attenuated oleosin expression in 
Arabidopsis oil bodies using RNAi and T-DNA insertional events. Oleosin suppression 
resulted in an aberrant phenotype of embryo cells which contain unusually large oil bodies. 
Oil bodies which do not contain enough oleosins to coat their entire surface coalesce forming 
larger lipid bodies. These particles might fuse until the surface is completely covered with 
oleosins. This caused disruption to storage organelles, altering accumulation of lipids and 
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proteins and causing a delay in germination. (Rodrigo et al., 2006). Interestingly, as oleosin 
translation was ablated a co-incident increase in caleosin on the oil body was detected with 
unusually high levels of lipoxygenase present within the oil body (Schmidt and Herman, 
2008).  
 
1.2.2.6 Maturation 
 
Maturation of lipid bodies is often accompanied by re-tailoring of their components in 
association with enzymes located on the ER membrane. Such examples include the re-fusion 
of oil bodies with the ER to undergo modifications (as discussed above). 
 
For example, the early stages in the synthesis of sterol esters that are the major yeast lipid 
body components, involve lipid-body bound enzymes mediated by ER enzymes. This implies 
the re-fusion of lipid bodies and ER membranes (Athenstaedt et al., 1999). Similar events are 
likely to take place in the maturation of oil bodies in plants (Mancha et al., 1997; Sarmiento 
et al., 1997). 
 
1.2.2.7 Mobilisation 
 
The mobilisation of lipid bodies is also likely to involve the establishment of associations 
with membranes such as those of ER, glyoxysomes or tonoplasts. Therefore the biogenesis, 
maturation and mobilization of lipid bodies is a much more dynamic process than has 
originally reported with multiple rounds of fission and fusion involving bilayer membranes 
such as ER but also other organelles including glyoxysomes and tonoplasts. Many of the 
processes underpinning lipid body ontogeny are analogous to well understood mechanisms of 
bilayer membrane assemblies and trafficking such as the ER, Golgi and vacuoles. However, 
in contrast very little is known pertaining lipid body development. Membrane trafficking 
processes are regulated by a set of specific proteins including soluble NSF attachment protein 
receptor (SNARE), N-ethylmaleimide sensitive fusion proteins (NSF) and soluble NSF 
attachment protein (SNAP) (Mellman, 2000). However no such proteins have been identified 
associated with lipid-bodies. The proteins, which have been identified, associated with lipid-
bodies such as oleosins and steroleosins appear to have structural rather than dynamic or 
regulatory roles. Recently, however, a new class of calcium binding proteins termed 
caleosins has been shown to be associated with oil bodies in plants, fungi and algae and 
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recent evidence suggests that caleosins may be associated with ER fission/fusion events, 
vesicle trafficking (Naested et al., 2000) and/or involved in stress modulation in plants 
(Fransden et al., 1996). 
 
1.2.2.8 Oleo-pollenins 
 
The term oleo-pollenins is derived from the fact that these proteins possess oleosin-like 
domains while localized to the oil bodies (tapetosomes) of tapetal cells. The presence of 
oleosins in the tapetum cells of anthers in Arabidopsis and Brassica was discovered over a 
decade ago from unexpected gene cloning results (de-Oliveira et al., 1993; Robert et al., 
1994) because tapetum cells were not known to contain oil bodies similar to those in seeds. 
In Arabidopsis, nine genes encode the tapetum oleosins. One of these genes is highly 
expressed to produce an oleosin of 53 kDa which represents about 70% of all tapetum 
oleosins. Most of the other Arabidopsis tapetum oleosins are smaller (10-23 KDa) and one is 
115 kDa. As expected, Brassica has a similar oleosin gene system (Ross and Murphy, 1996) 
and the most active ortholog gene produces a major oleosin of 45 or 48 kDa (from the 
Brassica rapa AA genome or Brassica oleracea CC genome respectively). Oleo-pollenins 
contain an N-terminal oleosin-like domain and a highly variable C-terminal domain. Genes 
encoding the tapetum oleosins have undergone rapid evolution reflecting relatively low 
protein structure and functional restraints. 
 
In the Brassica family the tapetum is a single cell layer of the secretory type. It is a mitotic 
tissue, providing many precursors required for the conversion of microspores to mature 
pollen grains. The tapetum remains an intact cell layer around the anther locule late in pollen 
development when it undergoes apoptosis. At this time, many but not all ER-derived secreted 
compounds, lipids, alkanes, proteins such as oleosins and flavonoids accumulate on the outer 
wall (tryphine) of the pollen grain. Those molecules released from the lysed tapetum but not 
transferred to the pollen surface include calreticulin and BiP (Hsieh and Huang, 2005, Hsieh 
and Huang, 2007). During pollen grain development cells of the tapetum produce two types 
of cytosolic lipid bodies and one plastidial oil body. During very early microspore 
development the living tapetal cells release by exocytosis, osmophilic oil bodies from the 
cytoplasm into the anther locule. Later in tapetal/microspore development tapetosomes are 
produced by the ER. The model of tapetosome synthesis includes the formation of an oil 
droplet from the rough endoplasmic reticulum by a mechanism similar to that of seed oil 
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body fission and fusion events. Each oil droplet consists of an oil matrix enclosed by layers 
of phospholipids and oleosins. Association of several oil droplets with ER cisternae 
eventually mature into tapetosomes of regular proteinacious fibrous inclusions (Murphy and 
Ross, 1998). Interestingly, the tapetum undergoes programmed cell death releasing its 
components into the anther locule. In doing so most of the lipids (TAG) are degraded to their 
fatty acid which could be used to produce jasmonic acid as floral maturation hormones or be 
converted to alkanes as one of the major lipid constituents  (the other being elaioplast steryl 
esters) which function in waterproofing when deposited onto maturing pollen grains. 
Moreover, tapetosome proteins particularly oleosins are also transferred to the pollen coat. 
Oleo-pollenins accumulate as full length proteins with oleosin-like domains still present on 
the cytosolic oil bodies (tapetosomes) of tapetal cells. However, when tapetal cells undergo 
apoptosis and their contents released into the anther locule the ole-pollenins are 
proteolytically cleaved at the junction of the oleosin-like domain and the pollenin-like 
domain (Murphy, 2006). An oleosin molecule may serve a dual function on the pollen and 
subsequently on the stigma due to its amphipathic properties. On the pollen, oleosin may act 
as an emulsifying agent to uniformly coat the pollen with steryl esters which serve to protect 
the pollen against desiccation. In addition, they may aid water uptake for germination after 
the pollen grain has landed on the stigma. Brassica have dry stigmas and water must be 
drawn from the stigma interior to the pollen for germination and tube growth (Hsieh and 
Huang et al., 2007). The abundant amphipathic oleosins could act like a wick or may 
function to facilitate the creation of water channels. The proposed function of oleosin is in 
agreement with the observation that the pollen of the Arabidopsis mutant null in the major 
pollen coat oleosin does not hydrate efficiently on the stigma (Mayfield and Preuss, 2000). 
 
1.2.3 Stress and stress elicitors 
 
In biological terms a stress can be defined as an adverse force or a condition which inhibits 
the normal functioning and well being of a biological system such as plants (Mahajan et al., 
2008). Cellular responses to stresses are initiated primarily by interaction of the extracellular 
material called a ligand or an elicitor and the plasma membrane protein called a receptor. 
Various stress signals both abiotic and biotic serve as elicitors for the plant cell (Table 1.1). 
 
 
 
Table 1.1. Examples of stress in plants
Stresses
Salinity (salt)
Drought (water deficit condition)
Cold (chilling and freezing)
Heat (high temperatures)
Excess water (flooding)
Radiations (high intensity of ultra-violet and visible light)
Chemicals and pollutants (heavy metals, pesticides and aerosols)
Oxidative stress (reactive oxygen species, ozone)
Wind (sand and dust particles in wind)
Nutrient deprivation in the soil.
Whole Pathogens
Components of pathogens (flagellin)
Herbivory
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1.2.4 Abiotic stress in plants 
 
Plant growth and productivity is adversely affected by various abiotic and biotic stress 
factors. Plants are frequently exposed to a plethora of stress conditions such as extreme 
temperature, salt, drought, flooding, oxidative stress and heavy metal toxicity all of which 
may be categorised as abiotic stress (Wang et al., 2003). Plants being sessile they are unable 
to flee from the stress and, therefore, face significant challenges in tolerating stress for their 
continued survival. Plants also face challenges from pathogens including bacteria, fungi and 
viruses as well as from herbivores. These stresses are defined as biotic. All these stresses 
prevent plants from reaching their full genetic potential and limit crop productivity. Abiotic 
stress is the primary cause of crop loss worldwide, reducing yields for most major crop plants 
by more than 50% (Bray et al., 2000, Wang et al., 2003, Mahajan et al., 2008). 
 
1.2.4.1 Complexity of abiotic stresses 
 
Cold, salt and drought stress are very complex stimuli that possess many different, yet 
related, attributes each of which may provide the plant cell with quite different information 
(Agarwal et al., 2006). For example, cold stress results in immediate changes to membrane 
fluidity and therefore, mechanical constraints, changes in activities of macromolecules and 
reduced osmotic potential particularly during freezing stress (Viswanathan and Zhu, 2002). 
Drought stress includes both osmotic and oxidative stress components, whereas salt stress 
includes both an ionic (chemical) component and reduced osmotic potential (physical) 
component as well as an oxidative stress component (Xiong et al., 2002). The multiplicity of 
information embedded in abiotic stress signals underlies one aspect of the complexity of 
stress signalling. Therefore, a single sensor might only regulate branches of the signalling 
cascade that are initiated by one aspect of the stress condition (Xiong et al., 2002). For 
example, low temperature changes membrane fluidity which is sensed by the plasma 
membrane rigidity which will initiate a signalling cascade responsive to membranes fluidity 
but will not necessarily control signalling initiated by an intracellular protein whose 
conformation/activity is directly altered by low temperature (Sharma et al., 2005). Therefore, 
there may be multiple primary sensors that perceive the initial stress signal (Pradeep et al., 
2006). Nevertheless, drought, salinity and extreme temperature and oxidative stress are often 
interconnected and may induce similar cellular damage (Wang et al., 2003). For example, 
oxidative stress is often associated with a broad spectrum of abiotic stress including drought, 
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salinity and extreme temperature which will cause denaturation of functional and structural 
proteins. As a consequence, diverse environmental stresses often activate similar cell 
signalling pathways and cellular responses such as production of stress proteins, induction of 
antioxidants and accumulation of compatible osmolytes common to a range of abiotic stress. 
In general, the molecular and cellular responses to abiotic stress include perception, signal 
transduction to the cytoplasm and nucleus and finally metabolic changes leading to stress 
tolerance. 
 
1.2.4.2 Overview of abiotic stress signal transduction pathways 
 
The stress is first perceived at the membrane level by receptors which result in the generation 
of secondary signal molecules such as calcium  (Ca
2+
), inositol phosphates, reactive oxygen 
species (ROS) and abscisic acid (ABA) within the cytoplasm (Mahajan and Tuteja, 2005). In 
the case of ABA, a stress induced rise in ABA levels is subsequently perceived by at least 
three ABA receptors one of which a G-protein-coupled receptor-like protein which directly 
or indirectly induces the generation of other secondary signalling molecules, such as 
phosphatidic acid, ROS and Ca
2+
 (Hirayama and Shinozaki, 2007). However, the primary 
secondary signal molecule involved is a perturbation in cytosolic calcium which enters the 
cytoplasm via intracellular and extracellular pathways (Tuteja, 2007). The activated plasma 
membrane receptor activates phospholipase C (PLC) and hydrolyses phosphatidylinositol 
bisphosphate (PIP2) to generate inositol trisphosphate (IP3) as well as diacyl glycerol (DAG).  
IP3 subsequently mediates the release of Ca
2+
 from intracellular stores. Stress may also open 
plasma membrane Ca
2+
 channels with a consequential influx from the apoplast (Mahajan and 
Tuteja, 2005; Xiong et al., 2002). These rapid and transient cytoplasmic Ca
2+
 perturbations, 
also called calcium signatures are sensed by calcium-binding proteins also known as calcium 
sensors (Mahajan and Tuteja, 2005). These relatively recently discovered calcium sensors 
such as calcineurin B-like proteins (CBL) lack any enzymatic activity and, therefore, interact 
with CBL-interacting protein kinases (CIPK) (Klimecka and Muszynska, 2007). These 
sensor proteins recognize and decode the information provided in the calcium signatures and 
relay the information downstream to initiate a phosphorylation/dephosphorylation cascade 
which, may include the activation of mitogen-activated kinases (MAPK) or calcium 
dependent protein kinases (CDPK) which target the major stress-responsive genes (Reddy 
and Reddy, 2004, Viswanathan and Zhu, 2002). 
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Stress-induced changes in gene expression in turn participate in generation of hormones like 
ABA. These molecules may amplify the initial signal and initiate a second round of Ca
2+
 
signatures which may feedback and consequently regulate the same pathway or altogether 
different components of a signalling pathway (Xiong et al., 2002). Other secondary 
signalling molecules such as ROS generated as a consequence of secondary stress or the 
membrane bound NADPH oxidase, can also regulate MAPK signal transduction without the 
requirement of calcium (Gechev et al., 2006, Zhao et al., 2005). Certain molecules, also 
known as accessory molecules, may not directly participate in signalling pathways but, 
participate in the modification or assembly of signalling components. For example, the 
protein modifiers which maybe added co-translationally to the signalling proteins include 
enzymes for myristoylation, glycosylation, palmistoylation, methylation and ubiquitination 
(Mahajan and Tuteja 2005; Tuteja, 2007). The complete stress signalling transduction 
pathway allows an efficient and rapid amplification of the initial stress stimuli ultimately 
leading to stress tolerance or acclimation as a consequence of differentially regulating gene 
expression (see figure 1.2).   
 
The various stress-responsive genes can be broadly categorized as early and late/delayed 
induced genes. Early genes are induced within minutes of stress signal perception and often 
expressed transiently (Mahajan and Tuteja, 2005). Various transcription factors are included 
in the list of early genes (Mahajan and Tuteja, 2005). Their products can activate the 
expression of delayed genes. Most of these genes are activated more slowly i.e. after hours of 
stress perception and expression is often sustained (Tuteja, 2007). These genes include the 
major stress responsive genes such as RD (responsive to dehydration)/KIN (cold 
induced)/COR (cold responsive). The gene products are: 
• Directly involved in cellular protection against stress (e.g. late embryogenesis 
abundant proteins, antifreeze proteins, antioxidants, chaperones and detoxification 
enzymes (Wang et al., 2003)   
• Indirectly involved in protection e.g. transcription factors, enzymes of 
phosphoinositide metabolism.  
• Involved in generation of regulatory molecules such as ABA which can initiate a 
second round of signalling (Tuteja, 2007).  
 
Figure 1.2. Overview of abiotic stress signalling transduction in plants.
GPCR: G-protein coupled receptors; RLK: receptor-like kinase; ROS: reactive oxygen 
species; ABA: abscisic acid; CDPK: calcium dependent protein kinase; SOS2: salt overly 
sensitive 2; MAPK: mitogen activated protein kinase; bZip: basic-leucine zipper 
transcription factor; EREB: ethylene responsive element binding protein; AP2: activator 
protein 2; LEA: late embryogenesis abundant    
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The ultimate consequence of the signalling cascade is the upregulation/downregulation of 
multiple stress-responsive genes which, in addition to stress tolerance, may also include 
growth inhibition or cell death.  
 
1.2.4.3 Categorising abiotic stress signalling pathways 
 
Many signal transduction processes occur when plants are challenged with abiotic stresses, 
however, a consensus for how to categorise these many signalling events is rather limited in 
the literature. However, signal transduction networks for cold, drought and salt stress can be 
divided into three major signalling types as shown in figure 1.3. Type I and type II signalling 
involve the osmotic stress associated with all three abiotic stresses. However, type I involves 
the generation of ROS. Although these accumulate during abiotic stress, the absolute levels 
of ROS are strictly regulated by antioxidants allowing ROS to function as important stress 
signalling molecules. ROS also activate several MAPK (see section 1.2.6.16) which function 
as signal transducers and nodes of crosstalk between signalling pathways. Type II signalling 
is involved in the production of stress-responsive proteins such as the LEA-like 
protein/dehydrins which function to protect the intracellular components. This pathway is 
regulated by both temporal and spatial cytosolic Ca
2+
 which subsequently regulates CDPK as 
the major signal transducers. Type III signalling is relatively specific for the ionic 
components of salt stress and involves the SOS system of high salinity tolerance. 
 
1.2.4.4 Abiotic stress types 
 
1.2.4.4.1 The adverse effects of low temperature stress 
 
Low temperature (LT) stress may be classified into chilling where the temperature remains 
greater than 0
o
C and freezing stress where temperature falls below 0
o
C  (Zhu et al., 2007). 
Chilling tolerance can be induced in plants in response to non-freezing temperatures (below 
10
o
C). This phenomenon is known as cold acclimation which initiates altered gene 
expression for the restructuring of cell membranes through changes in lipid composition and 
accumulation of compatible osmolytes, osmoprotectants and LT-induced proteins via 
activation of low temperature signal transduction pathways. This subsequently leads to LT 
tolerance, for example, membrane stabilization (Chinnusamy et al., 2007; Sharma et al., 
2005; Mahajan and Tuteja, 2005). 
Figure 1.3. Categorising major signalling pathways for plants during cold, drought 
and salt stress.
ROS: reactive oxygen species; CDPK: calcium dependent protein kinases; MAPK: mitogen
activated protein kinase; ABA: abscisic acid; HSP: heat shock protein; LEA: late 
embryogenesis abundant
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1.2.4.4.2 The adverse effect of salt stress 
 
During salt stress the high [Na
+
] and [Cl
-
] cause the stress (Zhu, 2001; Serrano and 
Rodriguez-Navarro; 2001, Ward et al., 2003). Salt stress has three general effects: Firstly, it 
reduces water potential leading osmotic stress. Secondly, causes ion imbalance (ionic stress). 
Thirdly, toxicity (Mahajan and Tuteja, 2005, Romero-Aranda et al., 2001). 
  
High salt deposition in the soil leads to low soil water potential which cause difficulties for 
plants to acquire water (drought stress) and nutrients. Therefore salt stress is always 
accompanied with hyperosmotic stress (Mahajan et al., 2008). 
 
Disturbances in ion homeostasis in, which, there is a build up of Na
+
 and Cl
-
 in the cytosol 
dissipates the membrane potential and facilitates the uptake of Cl
-
 down the gradient (Tuteja, 
2007). High [Na
+
] alters the K
+
/Na
+
 ratio reducing intracellular K
+
 influxes (Serrano and 
Rodriguez-Navarro, 2001.) K
+
 is one of the essential elements required for growth. 
Alterations in [K
+
] ions can disturb the osmotic balance, the function of stomata and function 
of some enzymes as K
+
 is an essential cofactor for many enzymes like pyruvate kinase 
(Tuteja, 2007, Ward et al., 2003), whereas Na
+
 is not. Other ions including Ca
2+
 and Mg
2+
 
decrease within  cells as a consequence of increased levels of Na
+
 and Cl
-
 which may cause 
membrane instability and decreased chlorophyll content (Parida et al., 2004).  
 
Toxicity effects are detrimental to the cell in which high concentrations of salt (above 
100mM) are toxic to cell metabolism and will inhibit the activity of many essential enzymes 
(Zhu, 2001). Moreover high Na
+
 will also inhibit cell division and expansion as well as 
enhance membrane disorganization due to cortical microtubule disorganisation and inhibition 
of helical growth in Arabidopsis (Shoji et al., 2006). High salt can injure cells in transpiring 
leaves which also leads to growth inhibition. This salt specific or ion excess effect of salinity 
causes a toxic effect inside the plant. The salt will tend to concentrate in old leaves which 
subsequently die. As old leaves are crucial for the survival of the plant, so will the plant 
succumb and eventually die (Parida and Das, 2005). 
 
A consequence of salt-stress mediated osmotic stress is oxidative stress which has an effect 
on a wide variety of metabolic activity because of the formation of ROS such as superoxides, 
hydroxyl and peroxy radicals (Parida et al., 2004). Membrane lipids are rich in hydrogen 
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atoms adjacent to the olefinic bonds which are susceptible to oxidative attack by ROS which 
can cause membrane dysfunction, leakage of ions and cell death (Singh et al., 2002). ROS 
also induce apoptosis including cell shrinkage, chromatin condensation and DNA 
fragmentation in tobacco BY-2 cells (Houot et al., 2001; de Pinto et al., 2006). 
 
Nitrate reductase activity (NRA) of leaves decreases in many plants under salt stress 
primarily caused by the presence of Cl
-
 in the external medium reducing NO
3
 uptake. 
However, a direct toxicity effect of Cl
-
 on the enzyme cannot be excluded (Flores et al., 
2000). 
 
Plant growth is the result of integrated and regulated physiological processes each of which 
are affected by a number of environmental factors and determine the plants response to 
stress. Therefore, limitation of growth due to salt stress can not be assigned to a single 
physiological process. However, the dominant physiological process that determines plant 
growth is photosynthesis. Photosynthetic rates decrease with increase in salt-treatment due to 
the dehydration of membranes which reduce their permeability to CO2 and also the 
hydroactive closure of stomata (Kurban et al., 1999). High intracellular salt concentrations 
also inhibit photosynthetic enzymes and decrease the activity of the electron transport chain 
(Stepien and Johnson, 2009). Thylakoidal structure of the chloroplasts also becomes 
disorganised with an increase in the number and size of plastoglobuli with a simultaneous 
decrease in their starch content (Hernandez et al., 1995). 
 
1.2.4.4.3 SOS system of salt tolerance 
 
For the ionic aspect of salt stress, a signalling pathway based on the SOS (Salt Overly 
Sensitive) genes has been established. The input of the SOS pathway is excess intracellular 
or extracellular Na
+
 which somehow leads to an increase in cytoplasmic Ca
2+
 signal. The 
SOS leads to the regulation of ion (Na
+
, K
+
 and Ca
2+
) homeostasis in relation to salinity 
stress tolerance (Zhu, 2002). The result of which is to lower cytoplasmic [Na
+
] and 
consequential salinity tolerance (Tuteja, 2007). 
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1.2.4.5 Crosstalk and cross-tolerance 
 
Plants can be exposed to more than one stress at the same time thus have developed 
mechanisms to cope with different stresses simultaneously. This suggests that different 
stress-signalling pathways cross-talk with each other which provide plants with cross-
tolerance (Knight and Knight, 2001). Cross tolerance is defined as a plant which is resistant 
to one stress is able to develop tolerance to another form of stress. Utilising gene expression 
profiling and Venn diagrams, many stress-induced genes in Arabidopsis overlap for salt, 
drought and cold stress as a consequence of secondary stress  and damage caused by the 
initial primary stress (Yamaguchi-Shinozaki and Shinokaki 2006; Rabbani et al., 2003). The 
common consequences of salt, drought and cold/freezing stresses are osmotic and oxidative 
stress. Abiotic stress, in general, induces ROS, the major source of secondary stress which 
arises from imbalance of the electron transport chain and the metabolic consumption activity 
of reducing power (Sleasak et al., 2007). The various probable candidates involved in cross-
talk include stress sensors, histidine kinases, receptor like protein kinases, Ca
2+
, calcium 
sensors, calcium-binding proteins, CDPK, MAPK cascades, ROS, ABA and transcription 
factors (Bowler and Fluhr, 2000). As a consequence, diverse environmental stresses often 
activate similar signalling pathways and stress responsive genes which can be divided into 
three major categories (Wang et al., 2003). 
1. Those involved in signalling cascades and transcriptional control 
2. Those that function directly in protection of membranes and proteins 
3. Those that are involved in water and ion uptake and transport such as aquaporins and ion 
transporters. 
 
1.2.4.6 Roles of major-stress induced gene products that serve to protect cellular 
components during abiotic stress. 
 
1.2.4.6.1 Compatible osmolytes 
 
Compatible osmolytes accumulate in organisms in response to osmotic stress. The primary 
function of compatible solutes is to maintain cell turgor thus driving the gradient for water 
uptake (Mahajan and Tuteja, 2005). Compatible osmolytes accumulate at high levels without 
disturbing the intracellular biochemistry preserving the activity of enzymes in high solute or 
saline conditions by replacing water in biochemical reactions. These compounds have 
 28
minimal effect on pH or charge balance of the cytosol or lumenal compartments of 
organelles. Transgenic plants overexpressing biosynthetic genes for increased trehalose, a 
non-reducing disaccharide, display drought, salt and cold tolerance (Iordachescu and Imai, 
2008). The synthesis of compatible osmolytes is achieved by diversion of basic intermediary 
metabolites into unique biochemical reactions (Parida and Das, 2005). Recent studies 
indicate that compatible osmolytes can also act as free radical scavengers or chemical 
chaperones by directly stabilizing membranes and/or proteins (Chinnusamy et al., 2005, 
Bartels and Sunker, 2005, Seki et al., 2007). Compatible osmolytes fall into three major 
groups, amino acids (e.g. proline), quaternary amines (e.g. glycine betaine) and 
polyols/sugars (e.g. mannitol, trehalose). 
 
1.2.4.6.2 Dehydrins 
 
Conditions that result in cellular dehydration such as drought, salt and cold/freezing stress 
induce the expression of dehydrins which also accumulate in seeds during maturation where 
they are known as late embryogenesis abundant (LEA) proteins. Dehydrins vary over a wide 
range of molecular masses from 9-200 kDa, are thermostable and contain a high proportion 
of glycine and lysine residues. Typical structural features of dehydrins are highly conserved 
sequences termed K-, S- and Y- segments. Dehydrins are widely distributed in vascular 
plants, mosses, ferns, lichens and algae, however, their molecular functions are not well 
understood as they do not catalyse metabolic reactions (Wang et al., 2003). Predictions of 
secondary structure suggest most dehydrins exist as random coiled alpha-helices which form 
lipid-binding domains. Indeed, the ubiquitous K-segment of dehydrins show similarity to 
class A2 amphipathic α-helix resembling the lipid binding domain found in apolipoproteins 
(Wang et al., 2003). However, a stress protective function is obvious by virtue of their 
unique chemical properties, induction by osmotic in addition to ABA-mediated gene 
transcription. It is proposed dehydrins function as water-binding molecules in ion 
sequestration and in macromolecule (e.g. protein and nucleic acid) and membrane 
stabilization (i.e. chaperone-like activity) (Heyen et al., 2002, Alsheikh et al., 2003). 
Furthermore, one dehydrin (COR15am) acts directly as a cryoprotective protein by inhibiting 
the formation of hexagonal II phase lipids, a major type of freeze-induced membrane lesion 
in non-acclimated plants (Steponkus et al., 1998). It is interesting to note that plant stress 
tolerance in transgenic plants requires the overexpression of multiple dehydrins. A single 
dehydrin expression is simply not enough (Wang et al., 2003, Jaglo et al., 2001). 
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1.2.4.7 Reactive oxygen species in abiotic stress 
 
In plants, ROS are continuously produced, predominantly in chloroplasts, mitochondria and 
peroxisomes. ROS, in particular hydrogen peroxide, can be viewed as a double-edged sword 
since it is involved in two very different roles in biological systems. At low concentrations it 
is a very important signalling ‘master’ molecule that controls a variety of stresses, 
physiological adjustments, growth and development and pathogen defence responses (Slesak 
et al., 2007; Gechev et al., 2006) However, salt, drought, heat, cold and high light stress all 
perturb ROS production to removal ratio and induce accumulation of ROS as a secondary 
stress (oxidative stress) such as superoxide anion (O2
-
), hydrogen peroxide (H2O2) and 
hydroxyl radical (OH
-.
) (Cheng and Song, 2006). These cytotoxic-activated oxygen species 
seriously disrupt normal metabolism through oxidative damage to lipids, protein and nucleic 
acids and must be removed by ROS scavengers. Therefore production and removal of ROS 
(ROS homeostasis) must be strictly controlled (Pitzschke et al., 2006; Slesak et al., 2007; 
Apel and Hirt, 2004; Gechev et al., 2006; Shao et al., 2008). 
 
1.2.4.7.1 Mechanism of ROS generation during stress. 
 
1.2.4.7.1.1 Chloroplasts 
 
When etiolated seedlings are exposed to light, chlorophyll accumulates and proplastids and 
etioplasts transition to chloroplasts (Mochizuki et al., 1996). During this process the 
chloroplasts acquire structural and catalytic proteins which enable them to utilise the light 
energy to split water, reduce NADP
+
 and produce chemical energy in the form of ATP. 
However, another by-product of photosynthetic activity is the generation of ROS simply 
because the generation of oxygen is localised in the same place as the capture of light. 
 
1.2.4.7.1.2 Mitochondria 
 
In plant mitochondria superoxide anion radical production occurs at two sites of the electron 
transport chain: NADPH dehydrogenases (Complex I) and the cytochrome bc1 (complex III) 
which is rapidly converted to hydrogen peroxide (H2O2) by superoxide dismutase (SOD) 
(Moller, 2001). However, due to the lack of energy-absorbing chlorophyll pigments the 
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generation of ROS in mitochondria is 20 times less than that in chloroplasts (Gechev et al., 
2006). 
 
1.2.4.7.1.3 Peroxisomes and glyoxysomes 
 
Peroxisomes and gloxysomes are other major sites of H2O2 generation during 
photorespiration and fatty acid oxidation, respectively (del Rio et al., 2006). Photorespiration 
is a complex process tightly linked to photosynthesis. Under conditions of stress which 
impair CO2 fixation in chloroplasts, the oxygenase activity of ribulose-1,5-bisphosphate 
carboxylase/oxygenase increases and the produced glycolate moves to peroxisomes where it 
is oxidized by glycolate oxidase forming H2O2. Fatty acid oxidation in glyoxysomes of 
germinating seeds generates H2O2 as a by product of the enzyme acyl-CoA-oxidase (Nyathi 
and Baker, 2006). H2O2 generated from peroxisomes and glyoxysomes is normally rapidly 
scavenged by catalase (CAT) (Gechev et al., 2006). 
 
1.2.4.7.1.4 Other sources of ROS in plant cells. 
 
NADPH oxidase at the plasma membrane in plant cells catalyses the production of the 
superoxide anion by one-electron reduction of oxygen using NADPH as the electron donor. 
The superoxide anion present in the apoloplastic space spontaneously transforms to H2O2 
(Bolwell et al., 1999). Many enzyme of the extra-cellular matrix (ECM) such as pH-
dependent cell wall peroxidises, germins and amine oxidases may also produce ROS in the 
apoplast for roles in defence and cell wall component biosynthesis, for example lignin 
biosynthesis (Bolwell et al., 2002). 
 
1.2.4.7.2 ROS detoxification 
 
All plant cellular compartments are well equipped with a redundant network of non-
enzymatic and enzymatic antioxidants. During environmental and biotic stress, they allow 
almost instantaneous scavenging of ROS at the sites of production to minimise ROS induced 
cellular damage. In the presence of transition metal ions, hydrogen peroxide may be reduced 
to the hydroxyl radical by superoxide dismutase. Superoxide and hydrogen peroxide are 
much less reactive than hydroxyl radicals so the main risk for the cell that produces these 
ROS are the intermediate interactions with transition metals leading to the generation of 
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highly reactive hydroxyl radicals. Because there are no known scavenges of the hydroxyl 
radical, the only way to avoid oxidative damage through this radical is to control the 
reactions that lead to its generation. Therefore, cells have evolved sophisticated strategies to 
keep the concentrations of superoxide, hydrogen peroxide and transition metals such as Fe
2+
 
and Cu
2+
 under tight control (Pitzschke et al., 2006). Plants have both an enzymatic and non-
enzymatic ROS scavenging mechanisms in response to oxidative stress. 
 
1.2.4.7.2.1 Non-enzymatic ROS scavenging mechanisms 
 
Non-enzymatic antioxidants include the major cellular redox buffers ascorbate and 
glutathione, in addition to tocopherol, mannitol, flavonoids, alkaloids and carotenoids. 
Ascorbate or vitamin C reacts not only with H2O2, but also with superoxide anion, hydroxyl 
radicals and lipid peroxides (Shao et al., 2008). Tocopherol or vitamin E is a lipid-soluble 
antioxidant capable of terminating free radical reactions that cause lipid peroxidation either 
by directly reacting with superoxide and/or scavenging hydroxyl, peroxyl and alkoxyl 
radicals. Reduced glutathione (GSH) reacts directly with ROS to detoxify them or scavenge 
peroxides as a co-factor of glutathione peroxidases. (Gechev et al., 2006; Shao et al., 2008).  
 
1.2.4.7.2.2 Enzymatic ROS scavenging mechanisms 
 
Enzymatic ROS scavenging mechanisms in plants include superoxide dismutase, (SOD), 
ascorbate peroxidase (APX), glutathione peroxidise (GPX) and catalase (CAT). SOD act as a 
first line of defence against ROS by, converting superoxide to the less harmful H2O2. APX, 
GPX and CAT subsequently detoxify H2O2 to harmless H2O (Apel and Hirt, 2004). The 
extent of oxidative stress in a cell is determined by the amounts of superoxide, H2O2 and 
hydroxyl radicals. Therefore, the balance of SOD, APX and CAT activities are crucial for 
suppressing toxic ROS levels in a cell. Changing the balance of scavenging enzymes 
introduces compensatory mechanisms. For example, when CAT activity is reduced in plants, 
the APX and GPX are induced. Indeed, many ROS detoxifying enzymes are induced by 
oxidative stress. Tobacco plant stress tolerance is increased by the overexpression of GPX in 
chloroplast or cytosol (Roxas et al., 2000). 
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1.2.4.8 Abscisic acid in osmotic and salt stress tolerance 
 
Abscisic acid (ABA) is a phytohormone that regulates plant growth and development and 
plays important roles in response of the plant to abiotic stress. ABA levels are induced in 
response to various stress signals and the application of ABA to plants mimics the effect of 
stress conditions. ABA actually helps seeds to surpass the stress conditions to germinate only 
when the conditions are conducive for seed germination and growth. ABA also prevents the 
precocious germination of premature embryos. ABA is also involved in stomatal closure 
during drought conditions to prevent intracellular water loss. ABA is, therefore, called the 
‘stress hormone’ (Alistair et al., 1991; Christmann et al., 2006). As many abiotic stresses 
ultimately result in osmotic imbalance of the cell, there is an overlap in the expression 
patterns of stress genes exposed to cold, drought, salt or ABA challenges. This suggests 
various stress signals and ABA share common elements in their signalling pathways and 
these common elements cross talk with each other to maintain cellular homeostasis 
(Yamaguchi-Shinozaki and Shinozaki, 2005). ABA is a sesquiterpene synthesised from β-
carotene through several enzymatic steps. Many abiotic stresses, including salt stress, induce 
activation of many ABA biosynthetic genes such as zeaxanthin oxidase, 9-cis-
epoxycarotenoid dioxygenase, ABA-aldehyde oxidase and molybdenum cofactor sulferase 
through a calcium-dependent phosphorylation pathway which probably involves 
phospholipids and ROS signalling upstream of stress responsive gene expression (Xiong et 
al., 2002; Zhu, 2002). The physiological activity of ABA is controlled by regulation of ABA 
generation and catabolism so that ABA accumulation reflects the net increase in ABA 
formation and degradation. Inactivation of ABA is initiated by oxidative conversion to 
phaseic acid and dehydrophaseic acid or by conjugation to glucose. The accumulation of 
ABA also stimulates the expression of ABA biosynthetic genes mediated through calcium 
signalling, an example of a positive feedback loop amplifying the ABA signal and instigating 
additional rounds of signalling events (Xiong et al., 2002; Nambara and Marion-Poll, 2005). 
Biochemical evidence suggests that osmotic stress inhibits the first step of ABA catabolism 
to phaseic acid further enhancing ABA levels during stress (Umezawa et al., 2006 Shinozaki 
and Shinozaki et al., 2006). ABA signal is subsequently detected by at least three ABA 
receptors one of which is a membrane- bound G protein-coupled receptor-like receptor which 
leads to an increase in other signalling molecules such as phosphatidic acid and Ca
2+
. The 
signal is further transduced by kinases (MAPK, CDPK) terminating in the phosphorylation of 
transcription factors which regulate gene expression (Hirayama and Shinozaki, 2007).   
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The induction of osmotic stress-responsive genes imposed by salt stress is transmitted 
through either ABA-dependent or ABA-independent pathways. However, low temperature 
chilling stress responsive gene induction is mainly mediated through an ABA –independent 
pathway, whereas gene expression resulting from osmotic stress as a consequence of low 
temperature freezing stress is mediated through ABA-dependent signalling pathways. Some 
genes are partially ABA-dependent. The components involved in these pathways crosstalk 
with each other through calcium signatures and phosphoproteins (Chinnusamy et al., 2007; 
Tuteja, 2007; Yamaguchi-Shinozaki and Shinozaki, 2005; Agarwal et al., 2006; Sharma et 
al., 2005; Phan Tran et al., 2007). Gene expression examples downstream of ABA signalling 
include: 
1. Transcript accumulation of RD29A regulated both ABA-dependently and ABA-
independently. 
2. Induction of pea DNA helicase 45 (PDH45) during salt stress is ABA-dependent. 
3. Calcium binding protein (CBP) and CBL-interacting protein kinases (CIPK) from pea 
follow the ABA-independent pathway (Chinnusamy et al., 2007). 
 
1.2.4.9 Molecular biology of abiotic stress-induced gene regulation 
 
1.2.4.9.1 Cis-acting elements function as molecular switches in response to 
environmental stress signals 
 
Promoter regions of stress-inducible genes contain cis-acting elements which are conserved 
regions of DNA to which DNA-binding proteins/transcriptions factors bind to form a 
transcriptional initiation complex on the TATA box (core promoter) located upstream of the 
transcription initiation sites. The transcriptional initiation complex subsequently activates 
RNA polymerase to start transcription of stress responsive genes. Abiotic stress signals 
activate transcription factors by: 
1. Rapid gene induction causing a transient rise in their transcript levels. 
2. Activation of proteins through phosphorylation 
3. Degradation of proteins through the proteosome system, for example, ubiquitination. 
The latter two systems require no gene transcription as the transcription factors are already 
present in a primed state. 
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The RD29A gene has served as an excellent example highlighting ABA-dependent and -
independent gene regulation. Early studies showed that osmotic stress induction of RD29A 
transcripts is only partially blocked by aba1 or abi1 mutations suggesting both ABA- 
dependent and -independent regulation is involved in stress responsive gene expression. This 
is true for many abiotic stress inducible genes (Thomashow, 1999, Bray et al., 2000; Abe et 
al., 2003; Zhu, 2002). Moreover, many genes are induced by drought, high salinity, cold and 
oxidative stress suggesting cross-talk between stress signalling pathways implying the 
interaction of different transcription factors and cis-binding elements in the cross-talk of 
stress response (Seki et al., 2003). Promoter analysis of osmotic-and cold- inducible genes 
has identified four independent regulatory systems for gene expression. Two are ABA-
dependent and two ABA-independent. The two major cis-acting elements ABRE (ABA 
responsive element) and DRE/CRT (drought response element/cold response element) 
function in ABA-dependent and ABA-independent gene expression, respectively 
(Yamaguchi-Shinozaki and Shinozaki, 2005). 
 
1.2.4.9.2 ABRE cis-acting element in ABA-dependent gene expression. 
 
ABA is well known for its roles in seed maturation and dormancy as well as adapting 
vegetative tissue to abiotic stress such as salt and drought. Moreover, ABA regulates the 
expression of many genes that might function in dehydration tolerance in both vegetative 
tissue and seeds (Bray et al., 2000; Abe et al., 2003).  ABA-inducible genes contain a 
conserved sequence (PyACGTGGC) called the ABA-responsive element (ABRE) present in 
their promoter region. In silico analysis shows that AtClo-3 and other caleosins might 
possess such a sequence in their promoter region (see chapter 3). ABRE was initially 
discovered in the wheat Em gene which functions in seeds during late embryogenesis. In rice, 
however, the Em gene homolog rab16 is expressed in both dehydrated vegetative tissue and 
maturing seeds (Yamaguchi-Shinozaki and Shinozaki, 2005). ABRE is a major cis-acting 
element in ABA responsive gene expression. However, a single copy of ABRE is not 
sufficient for ABA-responsive transcription. Either, an additional copy of ABRE or an 
additional promoter binding motif designated as a coupling element (CE) is necessary for 
ABA-responsive gene expression. For example, two ABRE sequences are necessary for the 
expression of the Arabidopsis RD29B, an ABA-responsive gene in seeds and vegetative 
tissue (Uno et al., 2000). One of these ABRE sequences might function as coupling element, 
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whereas ABA–responsive regulation of barley HVA1 and HVA22 genes require coupling 
elements such CE1 and CE3 in addition to the ABRE (Shen et al., 1996). 
 
The transcription factors that bind the ABRE are referred to as ABRE-binding (AREB) 
proteins or ABRE-binding factors (ABF) (Yamaguchi-Shinozaki and Shinozak, 2005) (see 
figure 1.4). They are bZIP transcription factors and the Arabidopsis cDNAs encoding them 
were isolated using the yeast one-hybrid system screening method (Choi et al., 2000). They 
function as trans-activators and their activities are reduced in the ABA-deficient mutant aba2 
and in the ABA –insensitive mutant abi1, but, are enhanced in the ABA-hypersensitive 
mutant era1 suggesting they are responsive to ABA. In the Arabidopsis genome 75 bZIP 
transcription factors exist, 13 of which are classified as a homologous subfamily of AREB 
that contain three N-terminal and one C-terminal conserved domains. Most of the AREB 
subfamily proteins are involved in ABA and abiotic stress responsive signal transduction 
pathways in vegetative tissue and/or germination. For example, AREB1/ABF2, 
AREB2/ABF4 and ABF3 are induced by ABA, drought and salt in vegetative tissue (Uno et 
al., 2000) whereas Arabidopsis ABI5 and EEL are expressed during seed maturation and/or 
germination (Bensmihen et al., 2002). Phosphorylation/dephosphorylation of signal 
transduction proteins plays an important post-translational modification regulatory role not 
only in ABA signalling but throughout the stress signalling network. ABA-responsive 42kDa 
kinase activities phosphorylate conserved regions of AREB/ABF which suggest that ABA-
dependent phosphorylation may be involved in activation of the AREB subfamily proteins 
(Uno et al., 2000). Therefore, phosphorylation/dephosphorylation plays an important role in 
regulating the activation of AREB/ABF proteins (see figure 1.4). 
Overexpression of AREB1/ABF2 in transgenic plants is not sufficient to activate its 
downstream genes such as RD29B (Yamaguchi-Shinozaki
 
and Shinozaki, 2005). Domain 
analysis of AREB1 using Arabidopsis protoplasts revealed that an activation domain exists in 
the N-terminal region of AREB1. Therefore, a constitutively active form was created using 
the N-terminal of AREB and the bZIP DNA-binding domains. The transgenic Arabdidopsis 
overexpressing this active form of AREB1 showed ABA hypersensitivity and drought 
tolerance as well as activation of 8 downstream genes in two groups: LEA class and ABA 
and dehydration stress-inducible genes (Fujita et al., 2005). In summary, ABRE/ABF 
regulates ABA and abiotic stress-mediated ABRE dependent gene expression in an ABA-
dependent manner that enhances drought tolerance in vegetative tissue (Fujita et al., 2005) 
(see figure 1.4). 
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1.2.4.9.3 Other cis-acting regulatory elements in ABA-dependent gene expression 
 
1. MYB and MYC transcription factors 
Several genes, not unlike the RD22 are induced by dehydration, mediated by ABA, however, 
they lack ABRE-like motifs. Rather, MYC and MYB recognition sites in the RD22 promoter 
function as cis-acting elements in the dehydration-inducible gene expression (Abe et al., 
1997) (see figure 1.4). In silico analysis reveals that the AtClo-3 promoter region contains 
putative MYC and MYB recognition sites (see chapter 3).    The transcription factors that 
bind these cis-elements include a MYC-like basic, helix-loop-helix (bHLH) transcription 
factor RD22BP1 (AtMYC2) and MYB transcription factor AtMYB2. Both bind and 
cooperatively activate expression of RD22 (see figure 1.4). These two transcription factors 
are synthesised after the accumulation of ABA indicating that they play roles in the later 
stages of plant response to stress (Argarwal et al., 2006, Yamaguchi-Shinozaki and shinozaki 
et al., 2005). Transgenic plants overexpressing MYC and MYB exhibited higher sensitivity 
to ABA and increased osmotic stress tolerance (Abe et al., 2003). Microarray analysis of 
transgenics revealed that MYC and MYB bind to several target genes including  ABA-
inducible and jasmonic-acid (JA)-inducible genes (Abe et al., 2003). Many papers report that 
MYC functions as a transcription factor in JA and JA-ethylene defence responses in 
Arabidopsis suggesting  crosstalk occurring between JA and ABA-responsive gene 
expression at the MYC recognition sites (Anderson et al., 2004; Boter et al., 2004; Lorenzo 
et al., 2004). Moreover, genetic analysis of AtMYC2 suggests that it acts as a negative 
regulator of blue-light mediated photomorphogenic growth (Yadav et al., 2005). AtMYC2 
might be a common transcription factor of ABA, JA and light signalling pathways in 
Arabidopsis (Abe et al., 2003). 
 
2. Arabidopsis RD26 protein encodes a NAC protein.  
NAC protein are named after the first three letters of each corresponding gene within the 
family i.e. no apical meristem (N), Arabidopsis transcription activation factor (A) and cup-
shaped cotyledon (C). NAC proteins have been implicated in ABA-independent stress 
signalling pathways (see figure 1.4) however; this NAC protein is not only induced by 
drought, but also ABA, therefore revealing a role in ABA-dependent stress responses. 
Transgenic plants overexpressing RD26 are highly sensitive to ABA whereas those with a 
repressed RD26 are insensitive (Yamaguchi-Shinozaki and shinozaki et al., 2005). NAC 
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recognition site may play a role in ABA dependent as well as ABA independent gene 
expression under stress conditions (Fujita et al., 2004) (see figure 1.4). 
 
3. The ATHB6 transcription factors 
ATHB6 is a homeodomain-containing transcription factor that binds to AT-rich cis- acting 
elements and interacts with ABI1, a protein phosphatase type-2C (PP2C). Transgenic 
Arabidopsis constitutively expressing ATHB6 shows ABA insensitivity in a subset of ABI1-
dependent responses. Therefore, ATHB6 activates the PP2C activity of the ABI1 catalytic 
domain ultimately negatively regulating downstream of ABI1 in the ABA signalling 
transduction pathway (Himmelbach et al., 2002) 
 
4. The Arabidopsis ERF7 transcription factor 
AtERF7 is a transcription factor which binds to GCC-box cis-acting elements of ABA- 
induced genes to repress their transcription. AtERF7 also interacts with protein kinase PKS3 
which is a global regulator of ABA responses. Therefore, PKS3 may phosphorylate AtERF7 
regulating the DNA binding and/or transcriptional repressor activity of AtERF7 (Song et al., 
2005). 
 
5. Maize ERF transcription factor 
Maize ERF/AP2 type transcription factors DBF1 and DBF2 bind the DRE/CRT sequence of 
the maize rab17 gene in an ABA-dependent manner. However, DBF1 is an activator of 
ABA-dependent rab17 gene expression whereas DBF2 reduced promoter activity (Kikis and 
Pages, 2002) (see figure 1.4). 
 
1.2.4.9.4 DRE/CRT cis-acting elements in ABA-independent gene expression 
 
The Arabidopsis RD29A/COR78/LTI78 gene is induced by drought, cold and ABA in an 
ABA-dependent manner. However, this gene is induced in aba and abi mutants by both 
drought and cold stress which suggests that in addition to ABA-dependent regulation, may 
also be governed by ABA-independent regulation (Viswanathan and Zhu, 2002; Yamaguchi-
Shinozaki and shinozaki et al., 2005). Analysis of this promoter has shown that a 9-bp 
conserved sequence, TACCGACAT, named the drought responsive element (DRE), is an 
essential cis-element for regulating RD29A induction in the ABA-independent response to 
drought and cold (Shinozaki and Yamaguchi-Shinozaki, 2000). Similar cis-acting elements 
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called C-repeat (CRT) or low temperature responsive element (LTRE), both containing an 
A/GCCGAC motif. This forms the core of the DRE sequence and regulates many cold-
inducible genes (Thomashow, 1999) (see figure 1.4). Therefore the DRE motif is essentially 
the CRT motif and both nomenclatures are interchangeable. 
 
The transcription factors that bind the DRE/CRT motif are referred to as DRE-binding 
proteins (DREB) or C-repeat binding factors (CBF). They were isolated, as were the AREB, 
using the yeast one-hybrid screening (Liu et al., 1998). These transcription factors contain a 
conserved DNA-binding domain with significant sequence homology to that of the ethylene 
responsive element binding factor (ERF) and AP2 proteins. These proteins specifically bind 
to the DRE/CRT sequence and activate the transcription of genes driven by the DRE/CRT 
sequence. 
In Arabidopsis, the DREB/CBF can be divided into two major groups. Firstly, the 
DREB1/CBF family which includes three closely related proteins DREB1B/CBF1, 
DREB1A/CBF3 and DREB1C/CBF2. The three genes encoding these proteins lie in tandem 
on chromosome 4. Secondly, the DREB2 proteins which include DREB2A and DREB2B. 
 
Abiotic stress-mediated expression of the DREB/CBF genes is differentially regulated. For 
example, DREB1/CBF genes are induced by cold but not by dehydration or salt stress where 
as the DREB2 genes are induced by dehydration and salt stress but not cold stress (Shinozaki 
and shinozaki et al., 2006) (see figure 1.4). 
 
Utilising both cDNA and GeneChip microarrays more than 40 genes have been identified 
downstream of DREB1/CBF (Fowler and Thomashow, 2002; Maruyama et al., 2004; Seki et 
al., 2002; Yamaguchi-Shinozaki and Shinozaki et al., 2005). Their protein products include: 
sugar transport proteins, desaturase, carbohydrate metabolism–related proteins, LEA 
proteins, KIN (cold inducible) proteins, osmo-protectant biosynthesis protein and protease 
inhibitors and RNA-binding proteins (Yamaguchi-Shinozaki and Shinozaki et al., 2005). All 
these aforementioned proteins function against stress and are responsible for stress tolerance 
of wild type and transgenic plants. The downstream genes also include genes for 
transcription factors such as the C2H2 zinc-finger-type and AP2/ERF-type transcription 
factors suggesting the existence of further regulation of gene expression down stream of the 
DRE/CBF regulon (Maruyama et al., 2004; Sakamoto et al., 2004). The products of one such 
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downstream gene includes STZ, which functions as a transcriptional repressor and its 
overexpression retards growth and induces drought tolerance (Sakamoto et al., 2004).  
 
The use of transgenic Arabidopsis overexpressing differential DREB/CBF has determined 
stress tolerant phenotypes. Recently, the drought tolerance of tall fescue was improved by the 
expression of Arabidopsis DREB1A under the control of the RD29A promoter (Zhao et al., 
2007). However constitutive overexpression of DREB1A/CBF3 using the CaMV 35S 
promoter counteracts the stress tolerance advantages due to significant growth retardation. 
Therefore, the stress-inducible RD29A provides considerable advantage over the CaMV 35S 
minimising the negative effects on plant growth. (Yamaguchi-Shinozaki and Shinozaki et al., 
2005). More recently, the overexpression of a rice OsDREB1F gene increased salt, drought, 
and low temperature tolerance in both Arabidopsis and rice. However, expression analysis 
revealed that although the OsDREB1F gene was induced by salt, drought and cold stresses, it 
was also unregulated by ABA application. Moreover, the expression of RD29B and RAB18 
genes were also activated, suggesting that OsDREB1F may also participate in ABA-
dependent pathway (Wang et al., 2008). 
 
1.2.4.9.5 Cis-acting regulatory elements and transcription factors that function 
upstream of DREB1/CBF 
 
A gene for the transcription factor inducer of CBF expression 1 (ICE1) was identified 
through map-based cloning of the Arabidopsis ICE1 mutation (Chinnusamy et al., 2003). 
ICE1 is a MYC-type basic helix-loop-helix transcription factor that binds to MYC 
recognition elements in the CBF3 promoter to induce CBF 3 expression and is important in 
cold stress (Zarka et al., 2003 Yamaguchi-Shinozaki and Shinozaki et al., 2005). ICE1 is 
constitutively expressed and localized in the nucleus, but only induces CBF3 during cold 
stress (see figure 1.4). This suggests that cold stress-induced post-translational modification 
is necessary for ICE1 to activate downstream genes (Chinnusamy et al., 2003). Indeed recent 
research suggests cold stress induces phosphorylation of ICE1 as part of that cold stress 
signalling pathway (Chinnusamy et al., 2007). This is an example of post-translational 
regulation of the cold responsive transcriptome. 
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1.2.4.9.6 Other cis-acting regulatory elements in ABA-independent gene expression 
 
There are several dehydration-inducible genes that do not respond to either cold or ABA 
treatment suggesting the existence of other ABA-independent pathways in osmotic stress. 
One such gene is early response to dehydration 1 (ERD1) which encodes a Clp protease 
regulatory subunit. This gene contains two different cis-acting elements; an MYC-like 
sequence and a 14-bp rps1site 1-like sequence both of which are induced during dehydration 
stress (Simpson et al., 2003). Utilising the one hybrid screening, transcription factors which 
bind to the rps 1 site 1-like sequence were isolated, of which the cDNA’s encode zinc-finger 
homeodomain (ZFHD) proteins, one of which, ZFHD1, functions as a transcriptional 
activator in response to dehydration stress (Tran et al., 2007; Yamaguchi-Shinozaki and 
Shinozaki, 2006). 
 
1.2.4.9.7 DREB2 transcription factor function in osmotic stress-responsive gene 
expression. 
 
DREB2 is the second family of ABA-independent drought responsive element binding 
proteins (DREBs). Much less information is available for DREB2 compared with DREB1. 
Among the eight DREB2-type proteins, DREB2A and DREB2B are the major transcription 
factors that function under dehydration and high salt conditions. Like the DREB1 proteins 
DREB2A has a conserved ERF/AP2 DNA–binding domain (Yamaguchi-Shinozaki and 
Shinozaki, 2005). However, unlike DREB1 proteins overexpression of DREB2A causes 
neither improved stress tolerance nor growth reduction, suggesting DREB2A requires post-
translational modification such as phosphorylation/dephosphorylation for its activation. 
Recent research has revealed that the DREB2A is a phosphoprotein and its phosphorylation 
negatively regulates its DNA-binding activity (Agarwal et al., 2007). Domain analysis using 
Arabidopsis protoplasts revealed that DREB2A central region contains a negative regulatory 
domain and deletion of this domain transforms DREB2A to a constitutively active form 
(Yamaguchi-Shinozaki and Shinozaki, 2006). It is therefore likely that phosphorylation of 
the negative regulatory domain represses its DNA binding activity.  
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1.2.5 Biotic stress 
 
Biotic stress-inducing pathogens can be classified as biotrophs or necrotrophs, each of which 
is important in determining which plant defence systems are activated. 
 
Biotrophs are pathogens that derive nutrients from living host tissue whilst necrotrophs are 
pathogens that derive nutrients from dead or dying cells. Some pathogens can be clearly 
assigned as biotrophs or necrotrophs. However, many others behave as both biotrophs and 
necrotrophs depending on the conditions in which they find themselves or the stage of their 
life cycles. Such pathogens are called hemi-biotrophs. Many fungi are commonly considered 
necrotrophs but may really be hemi-biotrophs as they exhibit a biotrophic stage early in the 
infection process (Glazebrook, 2005). 
 
1.2.5.1 Plant innate immunity 
 
Plants, due to their sessile nature are unable to move away from stress, be it abiotic or biotic. 
In the course of their development, plants have to face a wide range of biotic stresses which 
encompass a wide variety of potential pathogens including viruses, bacteria, fungi, 
oomycetes, nematodes and insects (Garcia-Brugger et al., 2006).  Unlike vertebrates, plants 
do not posses an immune system and, therefore, must rely on the ability to discriminate 
between self and non self for activation of their innate immunity system which presents a 
powerful defence mechanism in plants (da Cunha et al., 2006, Iriti and Faoro, 2007). 
 
1. Species resistance /immunity or non-host interactions 
Disease in plants is actually an exception rather than the rule as infections of plants occur 
only in limited cases. This is because plants do not support the lifestyle of many pathogens 
and pathogens do not differentiate, express pathogenicity factors or develop infection 
structures (Garcia-Brugger et al., 2006, Heath, 2000). This is species resistance/immunity 
and is a result of preformed physical and chemical barriers such as waxy cuticles, rigid cell 
walls, constitutively produced antimicrobial enzymes and compounds to prevent ingress of 
the pathogen (Nurnberger et al., 2004; da Cunha et al., 2006). In addition to these 
preventative barriers, a plant species may detect general pathogen-derived molecules called 
pathogen-associated molecular patterns (PAMP) such as plant cell wall degradation products, 
lipopolysacharides (LPS), flagellin and chitin (Gomez-Gomez and Boller, 2000; Livaja et al., 
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2008). This resistance, induced from general elicitors, is often called basal resistance and will 
activate the non-host type inducible defence mechanism to prevent pathogen propagation. 
Basal resistance is sometimes referred to as PAMP-triggered immunity (PTI) (Chisholm et 
al., 2006). All plants exercise this basal level innate immunity which is often sufficient 
enough to stop growth and prevent disease. 
 
2. Susceptibility/disease or compatible host interactions  
During evolution plant species resistance was overcome by phytopathogenic strains of a 
pathogen which acquired virulence factors called Avr genes. These enable the pathogen to 
evade or suppress plant defence mechanisms. In this case plants become host to such 
pathogens rendering them susceptible to pathogenic colonization and disease ensues 
(Nurnberger et al., 2004; da Cunha et al., 2006)  
 
3. Cultivar-specific resistance/immunity or incompatible host interactions 
As a result of co-evolution to microbial pathogenicity factors, individual cultivars of an 
otherwise susceptible plant species have evolved resistance genes that specifically recognise 
pathogen strain-specific factors. These allow the plants to activate a rapid induction of 
defence responses which include hypersensitive response (HR) to prevent the pathogen from 
developing (da Cunha et al., 2006; Holt et al., 2003). This genetically controlled resistance to 
pathogens is called the gene for gene concept (Flor, 1947) where the plant resistance (R) 
gene product encodes receptors of a complementary pathogen avirulent (Avr) proteins 
encoded by the pathogen avirulent (Avr) genes (Glazebrook, 2005). It is important to 
appreciate that Avr proteins if not recognised by the plant may be considered as factors that 
contribute to host infection. Conversely, in those cases when Avr proteins are recognised by 
complimentary R-protein receptor, they acts as a plant defence rather than virulence elicitor 
(Bent and Mackey, 2007; Andersson et al., 2006). Nevertheless, when either the plant or the 
pathogen lacks its complimentary gene, activation of the plant’s defence response either fails 
to occur or is sufficiently delayed with decreased magnitude resulting in pathogen invasion. 
This race specific immunity is sometimes referred to as effector triggered immunity (ETI) 
(Chisholm et al., 2006). 
 
 
 
 
 43
1.2.5.2 Pathogen molecules that elicit defensive responses 
 
Pathogen molecules which induce an innate response may be broadly classified into two 
groups: 1. The pathogen (microbial)-associated molecular patterns (PAMPs or MAMPS) 
which comprise indispensable components of not just pathogens but microbes in as a whole, 
hence the dual name. 2. Pathogen secreted effector proteins that are virulence proteins 
secreted by bacteria, fungi and oomycestes, all of which are able to penetrate as far as the 
apoplast if not the cytosol (Nurnberger et al., 2004, Jia et al., 2000). However, it is important 
to appreciate that these effector proteins become advantageous to the host plant during 
incomptatible host interactions where the host recognises the effector (Avr) proteins. It is 
interesting to note that even enzymatically degraded plant cell wall may induce a defence 
response. 
 
1.2.5.3 Host molecules that recognise pathogens 
 
Plants encode a variety of extracellular and intracellular elicitor receptor molecules. The 
extracellular molecules recognise both PAMP’s and effector proteins called PAMP receptors 
and contribute to non-host resistance. The intracellular R-proteins which recognise type III 
effector proteins which are directly translocated into eukaryotic host cells and contribute to 
cultivar level host resistance (Rohmer et al., 2004). Little is known about PAMP receptors in 
plants. The flagellin FLS2 for pathogen triggered immunity (PTI) against a wide range of 
bacteria is of the receptor-like kinase (RLK) type and activates defences via MAP kinase 
signalling cascades (Stahl, 2006). However, the Xa21 is an example of a RLK which 
recognizes an effector Xa21 secreted via the type I secretion system from X. oryzae to rice 
(da Silver et al., 2004). R genes on the other hand have been extensively studied and are 
known to be highly variable in sequence due to diversifying selection. At least three classes 
of R-proteins have been classified (Stahl, 2006). 
 
1. Cytoplasmic proteins with a nucleotide binding site (NB) and leucine-rich repeats (LRRs). 
2. Receptor-like kinases (RLK) with an extracelluar LRR and intracellular kinase domain.  
3. Membrane-spanning proteins with extracellular LRRs (RLP).  
 
Arabidopsis contains approximately 500 R-proteins, although it is not clear how many of 
these genes play a role in plant defence. The NB-LRR class alone comprises 149 genes in 
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Arabidoposis and is involved in specific recognition of pathogen Avr genes (Stahl, 2006). 
The plant NB-LRRs are sub-divided into two main classes: the CC-NB-LRR (coiled-coiled-
NB-LRR) of which there are 51 resistance genes in Arabidopsis and the TIR-NB-LRR  
(Toll/Interleukin-1 receptor-NB-LRR) of which there are 91 resistance genes in Arabidopsis 
(Meyers et al., 2003). The N terminal domain of the NB-LRR proteins determines the 
downstream signalling requirements of the R gene. For example, CC-NB-LRR class require 
NDR1 and the TIR-NB-LRR class require, in all but one case, the function of EDS1 
(enhanced disease susceptibility 1) and PAD4 (phytoalexin deficient 4) lipase-like proteins 
(figure 1.4). A general early signalling event for all NB-LRR type plant resistance proteins is 
an ATP/GTP-dependent activation via oligomerisation of the NB domain which triggers a 
cell death/immune response (Takken et al., 2006). This cell death response can be mediated 
by salicylic acid (SA) and the activation of an R gene and subsequent SA biosynthesis leads 
to a rapid oxidative burst and a so called hypersensitive response (HR), which is efficient 
against most biotrophic pathogens (Glazebrook, 2005). The PAD4/EDS1-dependent 
resistance appears to be responsible for the induction of SA synthesis mediated by cytosolic 
Ca
2+
 and subsequent SA-dependent defences (Kachroo and Kachroo, 2007; Glazebrook 
2005, Tsuda et al., 2008) (see figure 1.5). 
 
1.2.5.4 Plant pathogen responses and signalling pathways 
 
Plant responses to stress whether abiotic or pathogenic challenge, are regulated by complex 
networks of signalling pathways which are subsequently regulated by a few common 
components such as Ca
2+
, ROS, phospholipases and phospholipids, MAP kinase cascades 
and CDPKs (Glazebrook, 2001). Disease resistance responses need to be tightly regulated 
due to the high energy costs of running inappropriate resistance pathways (van Hulten et al., 
2006). The secondary metabolites primarily derived from the phenylpropanoid and oxylipin 
pathways activated by elicitors, not only act as signalling molecules (hormones) to activate 
defence responses but also function directly as antimicrobial agents (La Camera et al., 2004; 
Andersson et al., 2006). AtClo-3 as a putative peroxygenase might catalyse the synthesis of 
epoxy and hydroxyl oxylipins from the ultimate catabolism of membrane derived linoleic 
acid via the lipoxygenase pathway. 
 
Just as abiotic defence mechanisms differ in timing from rapid to delayed responses so do 
pathogenic responses. For example, rapid responses to elicitation include HR and callose 
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deposition which is followed by phytohormone and secondary signalling molecule-induced 
defences such as phytooxylipin, phytoalexin synthesis such as calmalexin and antimicrobial 
peptides.  A longer lasting resistance is then obtained by the plant called systemic acquired 
resistance (SAR), which implies the plant remains alert to defend itself from future attack 
(Durrant and Dong, 2004; Gozzo, 2003). 
 
1.2.5.5 Early signalling events in plant defence.  
 
1.2.5.5.1 Phospholipid signalling in plant defence. 
 
Phospholipases catalyse the hydrolysis of phospholipids and play an important role in plant 
response to biotic stress (figure 1.6). 
 
Phospholipids are more than just structural components of membranes. The cleavage 
products of membrane phosopholipid such as phosphatidic acid (PA) and inositol phosphates, 
are now widely accepted as potent second messengers in plant intracellular signalling. 
Increasing evidence is now emerging which supports the activation of phosholipase C, 
phospholipase D and phospholipase A2 activation as well as their reaction products as very 
early events from pathogen attack (Zhao et al., 2005; Wasternack, 2007; Laxalt and Munnik, 
2002; Krinke et al., 2007; Bargmann and Munnik, 2006; Testerink and Munnik, 2005). Once 
a plant receptor binds an elicitor and is activated it subsequently, directly or indirectly (via a 
G protein), activates a downstream effector enzyme such as the phospholipases to produce 
specific second messengers which elicit a variety of responses (Munnik and Testerink, 2009). 
The responses include protein kinase activation, opening of ion channels and inducing 
cytosolic calcium signatures with the subsequent activation of calmodulin and CDPK leading 
to the phosphorylation mediated gene transcription regulation which could include AtClo-3. 
The PA-mediated activation of NADPH oxidase complex, and subsequent synthesis of ROS 
and ROS mediated SA synthesis, leads to the oxidative burst and HR, an important defence 
mechanism against chiefly biotrophic pathogens (Laxalt and Munnik, 2002; Glazebrook, 
2005). Lipoxygenase activity of the LOX pathway to which AtClo-3 might be functionally 
associated, is induced by polyunsaturated lysophosphatidylcholines or their oxygenation 
derivatives (Huang et al., 2009).  
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1.2.5.5.2 Phosphatidic acid in biotic stress 
 
PA formation is triggered by various biotic and abiotic stresses, including wounding, 
pathogen attack, drought, salinity, cold, and freezing (Munnik, 2001; Wang et al., 2002; 
Laxalt and Munnik, 2002). It functions as a potent signalling molecule in both plants and 
animals that modulates the activities of kinases, phosphatases, phospholipases and proteins 
involved in membrane trafficking and Ca
2+
 signalling (Wang, 2004). In general, pathogenic 
elicitors activate the PLC-DAGK pathway which is accompanied by a rapid but transient rise 
in PA (de Jong et al., 2004). However, some pathogens elicit a biphasic PA response where 
in addition to the initial rapid PLC-derived PA response, PLD appears to generate a later and 
much larger amount of PA as a result of structural lipids as its prerequisite for PA synthesis. 
Further evidence in a delayed PLD-derived PA generation is associated with the influx of 
Ca
2+
 (the all important ion central to early stress response), as this occurred downstream of 
PIP2 degradation but upstream of PLD activation (Andersson et al., 2006). Interestingly, in 
Arabidopsis both AtPLDalpha1 and AtPLDdelta were found to be activated in response to 
salt stress (Bargmann et al., 2009) and provides evidence that PA synthesis during abiotic 
stress is a function of PLD activity. 
  
PA is also an important inducer of the oxidative burst (Shah, 2005) and production of ROS 
occurs downstream from PA, as inhibition of PLC that blocks the oxidative burst while the 
exogenously applied PA induces a partial oxidative burst (Chen et al., 2007). Little is known 
at this time how PA exerts its effects however lipid signals can act as docking sites on 
membranes to which specific cytosolic proteins or enzymes are recruited into a membrane 
associated ‘signalosome’ complex which is suggested to enhance the opportunity for protein-
protein interactions. PA can also affect the activity of target enzymes (Munnik, 2001; 
Testerink and Munnik, 2005). Recent work supports this as a mode of action as it was 
determined that PA binds to and inhibits the kinase activity of CTR-1 in plants (a Raf-1 
mammalian MAPKKK homologue). PA also blocks the interaction of CTR1 with ETR1, one 
of the ethylene receptors and therefore may be an important repressor in ethylene signalling 
(Testerink et al., 2007). In addition to affecting the biochemical functions of proteins 
involved in signal transduction, PA also serves as a precursor for the release of lysoPA, DAG 
and free FA which are potent secondary signalling molecules which participate in plant 
defence signalling (Wang, 2004). 
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1.2.5.5.3 Role of calcium in plant defense. 
 
Calcium is one of the most important second messengers in plants. Calcium rise in the 
cytosol is an early signalling event in plant immune responses to both pathogen (PAMP) and 
Avr genes i.e. PTI and ETI (Nurnberger et al., 2004). Indeed, elicitor activated plasma 
membrane (PM) Ca
2+
 channels have been discovered in plants (Lecourieux et al., 2002). 
Rises in cytosolic Ca
2+
 occur within minutes, even seconds, after receptor activation, 
mediated through the activation of PK or inhibition of protein phosphatases (Lecourieux-
Ouaked et al., 2000). Typically, a biphasic increase in cytosolic Ca
2+
 is seen after treatment 
with an elicitor (Zhao et al., 2005). However, after the first rapid response the second peak 
which although weaker, is longer lasting, and dependent upon elicitor type. For example, a 
weak and long lasting second peak is observed upon cryptogein treatment while 
oligosaccharide and lipopolysaccharide elicitors induce a strong but transient second peak 
leading to sustained MAPK activation and HR (Zhao et al., 2005; Lecouriex et al., 2002). It 
was shown that the first calcium peak is caused by the infux of extracellular calcium while 
the second pulse may be due to activation of PLC and IP3-mediated Ca
2+
 release from 
intracellular calcium stores (Lecourieux et al., 2002). Elicitor-induced Ca
2+
 spiking is an 
indispensible prerequisite for, and activates, many downstream intracellular processes 
including increase in ROS, oxidative burst and HR either directly or through Ca
2+
 sensors 
(Reddy and Reddy, 2004, Zhao et al., 2005.) Indeed, in Arabidopsis cell suspension cultures, 
a rapid influx of cytosolic Ca
2+
 in addition to rapid changes in ion concentration and 
extracellular alkalinisation is required for ROS generation (Davies et al., 2006). 
 
Calmodulin, a ubiquitous Ca
2+
 sensor which like caleosins, contain EF-hand Ca
2+
 binding 
motifs. However, unlike caleosins possess four additional motifs for cooperative binding of 
Ca
2+
 (Ikura, 1996). Calmodulin is activated through Ca
2+
 binding (Klimecka and Muszynska, 
2007) which may further activate CDPK and phosphatases, membrane bound enzymes and 
differential activation of transcription factors which directly regulate defence gene expression 
(Ludwig et al., 2004; Yang and Poovaiah, 2003). NADPH oxidase, a major source of ROS 
production, while activated by elicitors, is enhanced by both Ca
2+
 binding and 
phosphorylation via CDPK-mediated ROS generation during pathogen attack (see figure 1.7) 
(Kobayashi et al., 2007; Garcia-Brugger et al., 2006). Moreover, H2O2 is able to amplify the 
Ca
2+
 signalling through induction of Ca
2+
 influx from extracellular sources (Zhao et al., 
2005, Lecouriex et al., 2002). Elicitor-induced Ca
2+
 spiking is one of the earliest events that 
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functions as a master messenger for almost all downstream response reactions. These 
calcium spikes or signatures are decoded by an array of calcium sensors which further 
transduce the signal to the nucleus or instigate defence reactions which do not require gene 
expression (Garcia-Brugger et al., 2006). The calcium signature concept suggests that 
calcium specificity is due to time course cytosolic Ca
2+
 variations in addition to the 
intracellular location of cytosolic Ca
2+
  (Hetherington and Brownlee, 2004). An alternative 
possibility recently suggested, is that Ca
2+
 signals act as simple on-off binary switches of 
calcium sensors (Plieth, 2005). Recent research also links a Ca
2+
 binding protein 
(calmodulin) as a negative regulator of EDS1 an established regulator of salicylic acid level 
(Du et al., 2009) and it was also shown that Ca
2+
 directly regulates gene expression through 
interaction with ABRE-related sequences as Ca
2+
 responsive cis-elements in Arabidopsis 
(Kaplan et al., 2006). Therefore, free cytosolic Ca
2+
 influxes are a critical early component of 
biotic and abiotic signalling.  
 
No Ca
2+
 selective channels encoded by the plant genome are of a similar protein sequence to 
that in animals. However, there are up to 57 cation-conducting channels encoded by the plant 
genome which belong to two large protein families: firstly the glutamate receptor channel 
(GLR) and secondly the cyclic nucleotide-gated channel (CNGC) of which little is known 
(Maser et al., 2001). 
 
These channels may be potential candidates for the pathogen/PAMP/elicitor activated Ca
2+ 
influx, although the role of the GLR is rather loose, as a rise in apoplastic amino acids during 
the initial plant pathogen interactions has not been proven (Ma and Berowitz, 2007; Kang et 
al., 2006). In contrast to GLRs, there is direct evidence supporting the role of CNGCs in 
PAMP/pathogen-induced Ca
2+
 entry and subsequent initiation of the signalling cascade 
leading to HR (Ali et al., 2007). Furthermore, a rise in cAMP is an important prerequisite for 
the activation of Ca
2+
 permeable channels (Ma and Berowitz, 2007). Pathogen elicitors cause 
a transient rise in cytosolic cAMP in a number of plant species and cAMP enhanced Ca
2+
-
dependent elicitor induced ROS production in bean cultures (Bindschedler et al., 2001). 
Similar effects are found with Arabidopsis cell cultures (Davies et al., 2006). 
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1.2.5.6 Integration of reactive oxygen species, Salicylic acid, oxidative burst and the 
hypersensitive response 
 
ROS are obligatory by products as a result of normal metabolic reactions. They have the 
potential to be both beneficial and harmful to cellular metabolism, which is also 
concentration they specific (Apel and Hirt, 2004; Kotchoni and Gachomo, 2006; Slesak et 
al., 2007). At high concentrations, ROS cause the oxidation of proteins, nucleic acids and 
membrane lipids (Talarczyk and Hennig, 2001; Kotchoni and Gachomo, 2006; Slesak et al., 
2007), however, at lower concentrations they can function as signalling molecules, either 
activating downstream components of signalling transduction cascades such as MAPK, 
inducing HR or directly influencing gene expression (Cheng and Song, 2006). Abiotic stress 
is associated with the concomitant rise in ROS as a result of secondary oxidative stress. Both 
salt stress and ABA induce accumulation of ROS in plant cells (Sakamoto et al., 2008). The 
function of ROS during abiotic stress, however, appears to be opposite to that during 
pathogen defence (Pitzschke et al., 2006) in that they cause deleterious effects as opposed to 
signalling functions. Therefore, plants must possess the capacity to tightly regulate ROS 
levels so as not to cause catastrophic irreversible cellular damage (Mittler et al., 2004). 
However, it should be noted that ROS may exert a deleterious effect on signalling during 
abiotic stress (Sakamoto et al., 2008) and as such plants have, therefore, evolved a multitude 
of enzymatic and non-enzymatic antioxidants to scavenge or soak up excess ROS during 
periods of stress. Indeed, ROS concentration feedback mechanism exists such that 
antioxidant gene expression is controlled by the Redox state of the cell which must be finely 
balanced between the generation of ROS, in particular H2O2, to function as signalling 
molecules and the expression of antioxidants to provide a buffering capacity against sudden 
rises in ROS due to stress (Slesak et al., 2007; Apel and Hirt, 2004; Foyer and Noctor, 2005).  
 
Cytosolic free Ca
2+ 
spikes are one of the earliest if not the earliest, response to pathogen 
elicitation and in this regard are an important prerequisite for the activation of ROS 
generation (Kobayashi et al., 2007). Moreover, ROS generation may be differentially 
regulated by Ca
2+
,
 
either directly through interactions with its EF-hand binding motif (Sagi 
and Fluhr, 2006) or indirectly through CDPK mediated phosphorylation (Kobayashi et al., 
2007). Indeed, more recently, it was shown that Arabidopsis NADPH oxidase AtrbohD was 
synergistically activated by Ca
2+
 and phosphorylation (Ogasawara et al., 2008). NADPH 
oxidase, a pH dependent apoplastic or cell wall oxidase, (Zhao et al., 2005) plus one other as 
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yet unidentified flavin containing oxidase, contributes to cell death in plants and are the 
major sources of ROS, particularly H2O2 and superoxide anion, during biotic stress in most 
plants (Bolwell et al., 1999; Bolwell et al., 2002). Furthermore, the cell wall oxidases 
optimum pH is >7, and this is in accordance with the transient alkalinisation in the apoplast 
observed in response to pathogen recognition (Bolwell et al., 2002). It should not be 
dismissed that oxidases, in mitochondria, chloroplasts and peroxisomes may also play an 
important role in some plants in the synthesis of ROS (Reddy and Rehavendra, 2005). The 
activation of lipoxygenase may also supply additional superoxide anion. 
 
The isolation of plant homologues of mammalian NADPH oxidase led to the general 
consensus amongst researchers that the NADPH-dependent oxidase complex associated with 
the plasma membrane is primarily responsible for the rapid rise in ROS levels as a 
consequence of elicitation. This rapid fluctuation in the cellular redox state is termed the 
oxidative burst (Talarczyk and Hennig, 2001). Several roles of the oxidative burst include: 
• Direct toxic effect of ROS on pathogens. 
• Promoting the oxidative cross linking of cell wall hydroxyproline and proline rich 
glycoproteins, thus protecting the cell wall against enzymatic degradation (Brisson et 
al., 1994). 
• Stimulating PAL and subsequent lignin polymer formation in the cell wall which 
create physical barriers blocking biotrophic fungal penetration. In addition, callose 
deposition in the plasmodesmata likely restrict cell to cell virus movement. 
• Induction of phytoalexin synthesis 
• A signalling role in the induction of PCD. 
 
NADPH oxidase reduces O2 into O2
.
 which is ultimately converted into H2O2 by a 
spontaneous sequence of reactions with the intermediate formation of its protonated form 
(
.
OOH) or, much more efficiently, by superoxide dismutase (SOD) 
NADPH + 2O2 -------> NADP
+
 + H
+
 + 2O2
-.
 
2O2
-.
 + 2H
+
 ---------> O2 + H2O2 
In comparison to other ROS, H2O2 has a long life span, carries no net charge (Halliwell, 
2006), possesses high permeability across membranes and can rapidly diffuse from cell to 
cell in plants. Moreover, membrane water channels known as aquaporins may facilitate H2O2 
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transmembrnae movement (Henzler and Steudle, 2000). H2O2 is also rapidly produced, it is 
reactive and easily controlled by antioxidants therefore, meets all the criteria for an 
intercellular signal molecule and has been given the most attention as such (Vranova et al., 
2002; Cheng and Song, 2006). Biphasic ROS generation is observed in many plant non-
compatible interactions. The first phase quickly and transiently rises in either compatible or 
non-compatible interactions (although noticeably weaker in compatible reactions) where the 
second phase provides a heavier and longer lasting oxidative burst 1-3 hrs after fungal 
elicitation which leads to rapid programmed cell death (PCD) around the sites of attempted 
invasion. This, therefore, inhibits the spread of the pathogen (Talarczyk and Hennig, 2001; 
Zhao et al., 2005). This active starvation strategy is particularly effective against biotrophic 
pathogens which require living material to survive (Glazebrook et al., 2005, Pitzschke et al., 
2006). PCD associated with the oxidative burst is frequently classified as the hypersensitive 
response (HR) and although striking dissimilarities in the execution process of HR between 
different plants exist, the typical hallmark of PCD, endonucleolytic cleavage of nuclear DNA 
is present (Khurana et al., 2005) in addition to the progressive vacuolisation of the cytoplasm 
and vacuolar disruption changes in gross mitochondrial morphology (Greenburg and Yao, 
2004). 
Indeed, salicylic acid (SA) may play a crucial role in HR in this regard apart from its 
signalling role in HR and SAR. Salicylic acid is an iron chelator and thus may inhibit several 
haem-based enzymes including catalase and ascorbate peroxidase (Vasyukova and 
Ozeretskovskaya, 2007; Gozzo, 2003), although Tenhaken and Rubel (1997) argue against 
this. Moreover, SA may increase the activities of Cu/Zn superoxide dismutase. The 
consequences of SA mediated protein interactions are to increase the levels of H2O2 within 
the plant (Gozzo, 2003; Horvath et al., 2007). Moreover, SA induces rapid generation of the 
superoxide anion mediated by a peroxidase in tobacco which when converted to H2O2 
triggers an increase in cytosolic Ca
2+
 levels, further increasing ROS levels (see figure 1.8) 
(Kawano et al., 1998). 
 
Avirulence signal mediating Ca
2+
 spiking also induce chalcone synthase, an enzyme in 
phytoalexin synthesis, and phenylalanine ammonia-lyase, the first SA biosynthetic enzyme 
from phenylalanine thereby increasing SA accumulation (Gozzo, 2003). SA itself acts before 
the divergence of the two metabolic pathways between the oxidative burst and the 
phenylpropanoid pathway by inducing the phosphorylation-dependent step, amplifying its 
own synthesis, which in addition is stimulated by H2O2 via the induction of benzoic acid 
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hydroxylase as determined in tobacco which might also be important in Arabidopsis (figure 
1.8). Benzoic acid hydroxylase is the final enzyme in phenylalanine dependent SA 
biosynthesis (Leon et al., 1995). Moreover, application of SA activates the expression of R 
genes of the Toll-interleukin-2 receptor (TIR), nucleotide-binding site (NBS) and leucine rich 
repeat (LRR) types which subsequently activate CDPK which activates PAL through 
phosphorylation (Shah, 2003, Allwood et al., 1999, Cheng et al., 2001) (figure 1.8). SA can 
also induce the expression of genes encoding the enzyme PAL, mediated through the 
salicylic acid protein kinase (SIPK) (Zhang and Klessig, 1998) via MAPK signalling in 
plants. This consequently activates the phenylpropanoid pathway and phytoalexin synthesis, 
generating cell wall bound phenolics that have direct antimicrobial effects. In summary, the 
general consensus regarding SA is the ability to alter the redox state of cells through 
amplification of ROS levels central to the activation of other downstream defence 
mechanisms including SAR.  
 
Recent research indicates ROS as a signalling component activating MAPK and 
differentially regulating gene expression leading to the PCD characteristics of HR (Pitzcheke 
et al., 2006).  In tobacco, two MAP kinases, SIPK and wounding induced protein kinase 
(WIPK), are activated by a constitutively activate MAPK (NtMEK2) responsible for HR-
linked cell death. SIPK has been implicated in regulating WIPK in accelerating HR-linked 
cell death illustrating the secondary signalling role of SA in HR to neighbouring cells 
surrounding the infection site (Mishra et al., 2006; Kotchoni and Gachomo, 2006). ROS can 
directly regulate gene expression through interaction of transcription factors with specific 
oxidative stress-sensitive cis-elements in the promoters of these genes. The activation of the 
transcription factors is regulated through ROS mediated oxidation of their cysteine thiol 
groups (Apel and Hirt, 2004, Hancock et al., 2006). Recent, cDNA profiling has revealed 
that following exposure of Arabidopsis cells to H2O2, 1-2 % of the 11000 genes present 
showed expression level changes where some genes encoded for antioxidant proteins, some 
for defence response and others in signalling (Desikan et al., 2001).  
 
1.2.5.7 Salicylic acid 
 
The pharmacological properties of salicylate derivatives from Willow bark were prized by 
the ancient Greeks and American Indians. This led to the invention of aspirin (acetylsalicylic 
acid), a mammalian cyclooxygenase inhibitor to reduce inflammation and as such the oldest 
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most widely used drug in history (Loake and Grant 2007). However, in plants it has long 
been thought that SA functions as a signalling molecule in resistance to pathogens (White, 
1979). Malamy et al, (1992) reported elevated endogenous SA levels in both local and 
systemic tissue after viral infection in tobacco plants. Similarly, it was found that elevated 
levels of SA in phloem exudate rose in cucumber after a viral or fungal infection (Metraux et 
al., 1990). This led to the treatment of plants with aspirin and other SA derivatives to induce 
a non-specific immunization against infections which may be defined as long lasting primed 
or heightened resistance state to a broad-spectrum of pathogens including viruses, bacteria, 
fungi and oomycetes. However, this protection is not transmitted through the seeds (Loake 
and Grant 2007; Alvarez, 2000; Gozzo, 2003). Once established this phenomenon may last 
for a certain period of time (from weeks to months) during which the plant is primed to react 
more efficiently as any attempted invasion by a virulent pathogen is hampered as though it 
were an avirulent one (Gozzo, 2003). This phenomenon is called systemic acquired 
resistance (SAR) and is characterized by the increased expression of a large number of 
pathogenesis-related genes (PR-genes) just before or concomitant with the primary HR at the 
site of infection (Gozzo, 2003; Durrant and Dong, 2004). Further supporting a direct role of 
SA in pathogen-induced resistance, a series of experiments showed that treatment of plant 
tissues with exogenous SA or its functional analogs BTH (benzothiadiazole S-methylester) 
and INA (2,6-dichoroisonicotinic acid), was sufficient to trigger a defence reaction 
resembling SAR, that protects plants against a further pathogen infection (Cao et al., 1994; 
Lawton et al., 1996). 
 
SA-induced PR families from PR-1 to PR-14 have been characterized as being responsible 
for a specific function or enzymatic activity including a beta-1,3-glucanase (PR-2), chitinases 
(PR-3, PR-4, PR-8, PR-11) and a peroxidise (PR-9) (see figure 1.8). Furthermore, expression 
of PR genes/proteins are now widely used as markers of SAR (Durrant and Dong, 2004).  
 
Many PR proteins have antimicrobial properties and although SAR results from a concerted 
effort of all PR proteins rather than a single PR protein, they do provide the plant with 
pathogenic resistance in both local and systemic tissue (Kasprzewska, 2003; Gozzo, 2003; 
Durrant and Dong, 2004). Moreover, as SAR is associated with SA accumulation, this 
‘alerts’ the phenylpropanoid biosynthetic pathway to respond more rapidly to a pathogen 
challenge by a pre-treatment with an SAR-inducer as SA amplifies its own synthesis via the 
phenylpropanoid pathway (Gozzo, 2003). The phenylpropanoid pathway is responsible for 
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the production of lignins, phyoalexins and SA. Lignification is a well-known natural barrier, 
by which plant cells resist pathogen invasion while phytoalexins may be categorised as 
natural fungicides (Talarczyk and Hennig, 2001; Gozzo, 2003). Exogenous application of SA 
or its functional analogues such as 2,6-dichloroisonicotonic acid (DCINA) and benzo-(1,2,3)- 
thiadiazole-7-carbothioic acid S-methyl ester (BTH) induces SAR through PR gene induction 
and consequential plant resistance to certain pathogens (Gozzo, 2003). Transgenic plants 
carrying the bacterial nahG gene encoding bacterial SA hydroxylase that converts SA into 
inactive catechol, cannot accumulate SA, fail to express PR genes and show enhanced 
susceptibility to pathogens (Durrant and Dong, 2004). This proves SA as a key signalling 
molecule in plant defence against pathogens and is required for activation of SAR. 
Intriguingly, SA application to tomato plant roots induces ABA synthesis and improves 
acclimation to salt stress (Szepesi et al., 2009). This highlights the induction of common 
signalling components to the simultaneous exposure to abiotic and biotic stress. 
 
Classically, plant resistance to biotrophic and hemibiotrophic pathogens is mediated through 
SA signalling whereas jasmonic acid (JA) and ethylene (ET) signalling pathways mediate 
resistance to necrotrophic pathogens (Glazebrook, 2005; Loake and Grant, 2007; Shah, 
2003). Moreover, SA and JA/ET signalling pathways interact antagonistically (Mur et al., 
2006).  
 
1.2.5.7.1 SA synthesis 
 
SA is chemically a phenolic and is synthesised via two biosynthesis pathways in plants, the 
phenylpropanoid pathway and the shikimate pathway (Kachroo and Kachroo, 2007; 
Wildermuth et al., 2001). The synthesis of SA was believed to follow the phenylpropenoid 
pathway where phenylalanine is converted to cinnamic acid and subsequently benzoic acid 
through the action of phenylammonium lyase (PAL) (Verberne et al., 1999). The final stage 
of SA biosynthesis is benzoate hydroxylation by hydrogen peroxide dependent benzoate 2-
hydroxylase (BAH) (Leon et al., 1995). This enzyme was isolated and partially purified and 
it was demonstrated to be an atypical high molecular weight cytochrome P-450. The gene 
encoding the enzyme has not yet been identified. Plants with a low expression of the gene 
encoding PAL have a correspondingly reduced level of SA and lack the ability to develop 
induced resistance (IR), but not SAR. Therefore, this pathway can not account for the entire 
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amount of SA within plant cells, suggesting an alternative biosynthesis pathway for SA. 
(Vasyukova and Ozeretskovskaya, 2007). 
 
It has recently been shown that, like bacteria, plants can also synthesise SA from chorismate 
via isochorismate where chorismate itself is derived from the shikimate pathway. The 
enzymes isochorismate synthase (ICS) and isochorismate pyruvate lyase (IPL) catalyze the 
two steps from chorismate to SA (Mauch et al., 2001). It was Nawrath and Metraux, (1999) 
who isolated the first SA-deficient Arabidopsis mutants (sid1 and sid2) which failed to 
accumulate SA after SAR induction. Moreover, alleles of sid1 and sid2, called eds5 and 
eds16, were identified independently due to the plants enhanced disease susceptibility 
(Dewdney et al., 2000; Glazebrook et al., 1996). This confirms that the phenylpropanoid 
pathway of SA synthesis may be less important in Arabidopsis. The recent breakthrough in 
SA biosynthesis elucidation was determined when SID2/EDS16 was cloned by Wildermuth 
et al., (2001) and shown to encode a putative chloroplast localized isochorismate synthase 
protein (ICS1).  
 
ICS1 expression is upregulated by infection in both local and systemic tissue. However, since 
SA synthesis is not completely abolished in sid2 plants, some SA must be synthesised either 
through the activity of another ICS-like protein such as ICS-2 or through the 
phenylpropanoid pathway (Wildermuth et al., 2001). Therefore, Wildermuth et al., (2001) 
proposed that the phenylpropanoid pathway is responsible for rapid generation of SA 
associated with local cell death, the oxidative burst and hypersensitive response (HR), 
whereas the isochorismate pathway is more important for sustained SA synthesis during the 
development of SAR. Indeed, evidence suggests a biphasic SA response to infection (Draper, 
1997). 
  
1.2.5.7 Non expressor of pathogenesis proteins 1 (NPR1) 
 
Experiments with Arabidopsis mutants demonstrate that SA-dependent signalling pathways 
are determined by at least two mechanisms; one of which is dependent on the protein NPR1 
which is involved in systemic acquired resistance (SAR) and the other is NPR1-independent 
which seems to involved in local resistance (HR). 
 
 
 56
1.2.5.8 NPR-dependent SA signalling in SAR 
 
Transduction of the SA signal to activate PR gene expression and other defence genes in 
SAR requires the function of Non-expressor of pathogenesis related 1 (NPR1), also known as 
non-immunity1 (NIM1) a central positive regulator of SAR signalling (Kachroo and 
Kachroo, 2007; Fobert and Depres, 2005) and a member of the subclass II of TGA 
transcription factors (Zhang et al., 2003). NPR1 was identified in Arabidopsis through 
several genetic screens for SAR-compromised mutants and cloned in 1997 (Dong, 2004; 
Shah, 2003). The NPR1 protein has two protein-protein interaction domains, an ankyrin 
repeat and a BTB/POZ (Broad-complex, Trantrack, Bric-a-brac/ Poxyvirus, Zinc finger) 
domain together with a putative nuclear localization signal and phosphorylation sites (Ryals 
et al., 1997). A significant amount of work has gone into understanding its molecular 
function. NPR1 is expressed in plant tissues in low amounts but its levels increase only two 
to three fold following infection or application of SA or its analogues, suggesting that it is 
regulated at the protein level (Durrant and Dong, 2004; Dong, 2004). Moreover, 
overexpression of NPR1 does not lead to constitutive PR gene expression in the absence of 
SAR induction, indicating NPR1 requires an activation step to function (Durrant and Dong, 
2004).  
 
It is now well known that changes in endogenous SA levels after pathogen infection affect 
the redox state of the cell due to rapid rise in ROS which is often called the oxidative burst 
and is biphasic in nature (Zhao et al., 2005, Mou et al., 2003). However, this increase in ROS 
must be controlled so as not to cause damage to the plant. After reaching a state of maximal 
oxidation, the conditions become progressively more reducing. This could be due to 
activation of ROS detoxifying enzymes such as superoxide dismutase (Fobert and Despres, 
2005). Evidence exists showing that H2O2 up-regulates the activities of chloroplastic and 
cytosolic antioxidant enzymes in maize leaves (Hu et al., 2005) and is mediated by calcium 
(Rentel and Knight, 2004). NPR1 contains cysteine residues that are often associated with 
redox regulation. Therefore, Mou et al, (2003) investigated the possibility of redox mediated 
activation of NPR1. They found that at normal cellular redox potential the monomeric NPR1 
is linked together via intermolecular disulphide bonds at specific cysteine residues. However, 
after a pathogen attack or application of SA or any of its analogues to the plant, the rapid 
decrease in reduction potential hydrolyses the intermolecular disulphide bonds and 
consequently releases the monomeric NPR1 from its oligomeric state. Monomeric NPR1 
 57
protein carries an intact nuclear localization sequence that is capable of being translocated to 
the nucleus where is activates PR genes whereas the oligomeric NPR1 is retained in the 
cytoplasm (see figure 1.9) (Mou et al., 2003). 
 
1.2.5.9 NPR1 and TGA Transcription factors 
 
The presence of protein-protein interaction domains in NPR1 suggests that it exerts it 
function through physical interaction with other proteins (Pieterse and Van Loon, 2004). 
Using NPR1 as bait, yeast-two-hybrid analysis yielded members of the TGA/OBF subclass 
of basic leucine zipper (bZIP) transcription factors (Zhang et al., 1999). Using truncated or 
mutant forms of NPR1, the ankyrin-repeat domain in the middle of the protein were shown to 
be essential for binding TGA factors, while the N-terminal region enhances binding (Depres 
et al., 2000).  TGA factors bind to activator sequence-1 (as-1) or as-1-like promoter elements 
which have been found in several plant promoters activated during defence, including 
Arabidopsis PR-1 (Durrant and Dong, 2004).  
 
It has been shown that NPR1 interacts differentially with members of the TGA class of 
transcription factors. For example in Arabidospis, NPR1 interacts with the TGA factors 
TGA2, TGA3, TGA5, TGA6 and TGA7, but only weakly or not at all with TGA1 and TGA4 
(Zhou et al., 2000). Although TGA1 failed to interact with NPR1 in the yeast-two hybrid 
system it was reported that treatment with SA induces interaction with NPR1 which 
correlated with the reduction of TGA cysteine residues. Therefore, some TGA transcription 
factors require the SA-induced reduction of intermolecular disulphide bonds for interaction 
with nuclear NPR1 monomer, whereas other TGA transcription factors (e.g. TGA2) do not 
(see figure 1.8) (Dong, 2004). This emphasises the additional specificity that cellular redox 
alterations play in the regulation of defence gene expression although the functions of 
individual TGA transcription factors is still largely unknown. Recent analysis by Ndamukong 
et al., (2007) identified a TGA-interacting protein as a member of the glutaredoxin family 
(GRX480). As glutaredoxins catalyse thiol disulfide reductions, it is plausible that they 
function to regulate the redox state of NPR1 and consequently TGAs (Loake and Grant, 
2007).  
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1.2.5.10 WRKYs 
 
Another recent study conducted by Wang et al, (2006) to determine the transcriptional targets 
of NPR1 acting as regulatory nodes during SAR identified NPR1 directly inducing the 
expression of five WRKY transcription factors that have never been placed in the SAR 
network. This has also been recently confirmed by microarray data (Blanco et al., 2009). The 
WRKY proteins are a superfamily of transcription factors with up to 100 representatives in 
Arabidopsis and are characterised by the presence of a DNA binding domain that contains 
the conserved WRKYGQK sequence in addition to a zinc finger motif (Eulgem et al., 2000). 
Family members appear to be involved in the regulation of various physiological programs 
that are unique to plants, including pathogen defence, senescence and trichome development 
(Eulgem et al., 2000). It is interesting that in silico analysis shows that AtClo-3 possesses one 
putative W-box within its promoter region to which WRKY transcription factors might bind 
and regulate gene transcription (Arabidopsis thaliana expression network analysis, Athena). 
 
Several recent have demonstrated that several WRKYs functions downstream of the NPR1 
regulatory system (Mao et al., 2007, Wang et al., 2006; Blanco et al., 2009) and their 
transcripts are induced by the NPR1 translocation mechanism (Wang et al., 2006). Akin to 
the PR genes that are also induced by as-1 like mediated binding of NPR1 (Durrant and 
Dong, 2004), the WRKY gene contains as-1 like sequences in their promoters such that the 
SA-induced translocation of NPR1 to the nucleus enables NPR1 monomer binding to the as-
1 like sequence, inducing transcription (Wang et al., 2006; Blanco et al., 2009). 
Subsequently, the W-box elements of many SA-induced genes are recognised and 
preferentially bound by SA-NPR1 induced WRKY transcription factors (Wang et al., 2006; 
Blanco et al., 2009). The WRKY binding subsequently induces their gene expression. It was 
Wang et al (2006) who recently identified eight WRKY genes as direct transcriptional targets 
of NPR1. Not all of the eight WRKYs are involved in positive downstream gene induction. 
WRKY 58 negatively regulates downstream gene expression while WRKY70 and WRKY54 
prevent excessive SA accumulation through a negative feedback mechanism. Interestingly, 
WRKY 70 is shown to regulate the crosstalk between SA and JA signalling by activating SA 
signalling, but suppressing JA-mediated signalling (Balbi and Devoto, 2006). More recently, 
WRKY7 has been shown to bind a Ca
2+
-dependent calmodulin, suggesting additional 
mechanisms of regulation of WRKY protein (Park et al., 2005). Indeed, the involvement of 
WRKY proteins in regulating SAR is substantiated by an earlier reported microarray study of 
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gene expression changes in Arabidopsis in that the promoters of the genes co-induced with 
PR1 during the development of SAR are enriched in W-box motifs suggesting a critical role 
of WRKY transcription factors in the induction of SAR-associated genes (Maleck et al., 
2000). 
 
A recent microarray analysis of the early genetic responses to SA of wild type and npr1-1 
mutant in Arabidopsis seedlings identified 217 genes rapidly induced by SA (early SAIGs) of 
which 193 by a NPR1-dependent and 24 by a NPR1-independent pathway (Blanco et al., 
2009). While Arabidopsis AtClo-3 was not amongst the genes, this does not necessarily 
preclude AtClo-3 gene regulation through an SA mediated mechanism.  
 
1.2.5.11 SA dependent NPR1 independent activation of SAR. 
 
WRKY70 and the transcription factor AtWhy 1 have been shown to participate in SA- 
dependent but not NPR-1 independent transduction pathways regulating SAR. Expression of 
the WRKY70 gene was induced in SA and pathogen-elicitor treated plants and since basal 
levels of WRKY70 transcripts were abolished in NahG transgenic plants (Li et al., 2004) 
concluded SA regulates the expression of this gene. However, over expression of WRKY70 
resulted in constitutive SA signalling thus like many other regulators of SA, WRKY70 
appears to amplify SA signalling (Li et al., 2004). SA activates the DNA binding ability of 
the transcription factor AtWHY1 which continues to do so even in the npr1-1 mutant 
suggesting SA signalling in gene regulation is independent from NPR-1 (Kachroo and 
Kachroo, 2007). 
 
1.2.5.12 Phytooxylipins 
 
Phospholipid membranes are the source for different groups of lipid signalling molecules 
(discussed above), such as inositol phosphate, diacylglycerol, phosphatidic acid, 
lysophaphtidyl choline, oleic acid etc and are generated mainly by the action of membrane- 
bound phospholipases. In addition, polyunsaturated fatty acids (PUFAs) esterified to the 
glycerol backbone in cellular membrane and storage lipids function not only in mobilization 
of energy but also in the generation of numerous oxidised signalling and defence compounds 
known as oxylipins, of which jasmonic acid is the most widely studied (Wasternack and 
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Hause, 2002; Wasternack, 2007). AtClo-1 was confirmed a peroxygenase with the potential 
to synthesise oxylipins, as such, a literature review of oxylipins will follow. 
 
C18 fatty acids linoleic acid (18:2) and α-linolenic acid (α-LeA) (18:3) released as products 
of membrane and chloroplast lipases are in many cases, the initial reaction in oxylipin 
synthesis. This is followed by  the oxidation reaction catalysed by lipoxygenases (LOX) 
which add molecular oxygen to PUFAs yielding the corresponding  polyunsaturated fatty 
acid hydroperoxides that are substrates for other enzymes encompassed in the LOX pathways 
(Blee, 2002). Lipoxygenase is a monomeric non-haem iron protein unique amongst the α-
dioxygenases (the plant homolog of the animal cyclooxygenase) since the O-O bond is not 
cleaved during the reaction (Blee, 1998). 
 
Based on their regiospecificity, many LOX have been classified as 9- or 13- LOX which 
yield 9- or 13- hydroperoxides respectively. For example with α linolenic acid (α-LeA) as the 
substrate, 13s-hydroperoxyoctadecatrienoic acid (13-HPOT) or (9S)-
hydroperoxyoctadecatrienoic acid (9-HPOT) are formed (figure 1.10). Similarly, with 
linoleic acid as the substrate (13S)-hydroperoxyoctadecadienoic acid (13-HPOD) or (9S)-
hydroperoxyoctadecadienoic acid (9-HPOD) are formed (figure 1.10) (Howe and Schilmiller, 
2002; Blee, 2002; Camera et al., 2004; Wasternack, 2007). It is important to clarify that 
although PLA2 is thought as the initial step in substrate release for the LOX pathway, the 
location of the JA biosynthetic enzymes, 13-LOX, AOS and AOC are exclusively found in 
chloroplast, therefore, α-LeA and the initial substrate of JA biosynthesis should be generated 
within the chloroplast and not at the PM where PLA2 is assumed to be located (Wasternack 
and Hause, 2002). In fact, a chloroplast PLA1 was detected and linked to formation of JA 
(Blee, 2002). This is quite an attractive alternative as most of the PUFAs in plants are 
associated with galactolipids which are confined to the plastids. Therefore, plastidial lipases 
may be involved in the liberation of linolenic acid from galatolipids (Blee, 2002). In favour 
of this hypothesis, the cyclic precursor of JA has been linked to monogalactosyl diglyceride 
(Stelmach et al., 2001) and acyl hydrolases capable of hydrolysing galactolipids stimulated in 
response to pathogenic attack or by drought stress (Dhont et al., 2000; Matos et al., 2001). 
This study presents evidence of AtClo-3 localisation to both the cell membrane and plastids, 
specifically the chloroplast. 
 
F
ig
u
re
 1
.1
0
.
L
ip
o
x
y
g
en
a
se
(L
O
X
) 
p
a
th
w
a
y
s 
d
er
iv
in
g
 f
ro
m
 l
in
o
le
ic
(C
1
8
:2
) 
o
r 
li
n
o
le
n
ic
a
ci
d
s 
(C
1
8
:3
),
 t
h
e 
m
a
jo
r 
p
o
ly
u
n
sa
tu
ra
te
d
 
fa
tt
y
 a
ci
d
s 
in
 p
la
n
ts
. 
D
ep
en
d
in
g
 o
n
 t
h
e 
sp
ec
if
ic
it
y
 o
f 
th
e 
L
O
X
 i
n
v
o
lv
ed
, 
th
es
e 
fa
tt
y
 a
ci
d
s 
ca
n
 b
e 
tr
an
sf
o
rm
ed
 i
n
to
 9
-
o
r 
1
3
-h
y
d
ro
p
er
o
x
id
e 
d
er
iv
at
iv
es
 w
h
ic
h
 
w
il
l 
b
e 
d
eg
ra
d
ed
 b
y
 t
h
e 
L
O
X
 C
Y
P
7
4
s.
L
in
o
le
ic
a
c
id
1
8
:2
L
in
o
le
n
ic
a
c
id
1
8
:3
D
e
s
a
tu
ra
s
e
P
h
y
to
o
x
y
lip
in
s
P
h
y
to
o
x
y
lip
in
s
P
h
y
to
o
x
y
lip
in
s
P
h
y
to
o
x
y
lip
in
s
9
-L
O
X
9
-L
O
X
1
3
-L
O
X
1
3
-L
O
X
 61
In addition, some LOX belong to the so called type 2 LOXs, which are characterised by the 
presence of a putative chloroplast transit peptide sequence and moderate overall homology 
(Liavonchanka and Feussner, 2005). They are transcriptionally upregualted during pathogen 
attack and wounding or treatment with JA or SA although to date no proof exists that one of 
these 13-LOX is specifically responsible for JA biosynthesis (Wasternack and Haus, 2002).  
Conversely, α-LeA-releasing lipase might be PLD which generates PA an activator of acyl 
hydrolase which is assumed to be located at the PM. In line with this is a wound-inducible 
PLD which mediates systemic activation of 13-LOX (AtLOX20 and AOS in Arabidopsis 
(Wang et al., 2000).  
 
Phytooxylipin origins, whether PM or plastidial, (Camera et al., 2004) will most probably 
depend on the nature of the stress on the isoform of the induced LOX and on fatty acid 
composition of the organ or tissue. LOX-derived lipid peroxides are then shunted into several 
distinguishable LOX-related pathways yielding a vast array of different oxylipins (Shah, 
2005; Blee, 2002; Wasternack, 2007). The relative specificity of the enzymes involved in 
these downstream pathways such as allene oxide synthase, hydroperoxide lyase and divinyl 
ether synthase (AOS, HPL and DES, respectively) are closely related members of the 
cytochrome P450 family designated as CYP74 for either 9- or 13-hydroperoxide (Blee, 2002; 
Blee, 1998; Howe and Schilmiller, 2002; Itoh and Howe, 2001). Therefore, the concept of 
oxylipin metabolism organised into discrete 9-LOX and 13-LOX pathways was proposed 
(Howe and Schilmiller, 2002), where metabolism of 9-hydroperoxy fatty acids by AOS, HPL 
and DES generates a group of oxylipins that although structurally related, are distinct from 
the oxylipins derived from13-LOX pathway (Blee, 2002). Several recent studies indicate that 
the 9-LOX pathway functions in plant defence against microbial pathogens (Hamberg, 1999; 
Gobel, 2001; Prost et al., 2005; Vellosillo et al., 2007). Another example illustrating the 
importance of their strict specificity is that for the 13-LOX, specific AOC derivatives include 
no cyclic compounds analogous to jasmonates which originate from the 9-oxygeneated fatty 
acids (Blee, 2002). Furthermore, clear differences in the expression of genes coding for 9-
LOX and 13-LOX exist. This concept explains the numerous and distinct oxylipins. 
Nevertheless, a recent study shows a novel rice LOX with dual specificity for 9- and 13- 
oxidized products in a ratio of 4:3. Therefore, not all LOX are as initially thought highly 
specific for either 9- or 13- hydroperoxides (Wang et al., 2008). The LOX reaction products 
13-HPOT, 9-HPOT and 13-HPOD, 9-HPOD represents branch points within the LOX 
pathways. At least seven different groups of compounds are formed by individual LOX 
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enzyme families in association with 13-fatty acid hydroperoxides, which is shown 
diagrammatically in figure 1.11. 
 
Octadecanoids and jasmonates originating from 13-allene oxide synthase (13-AOSs) activity 
function as signalling molecules in wounding and pathogen challenges mainly from 
necrotrophs, however these oxylipins may also elicit antibacterial and fungicidal activity 
(Wasternack, 2007; Shah, 2005; Prost et al., 2005). 
Aldehydes, omega-OXO fatty acids and alcohols formed by hydroperoxy lyases (13-HPLs) 
are also known as green leaf volatiles (GLV) which are important in both signalling and 
defence within and between plants and for allowing plants and other organisms surrounding 
them to recognise or compete with each other (Matsui, 2006).  For example, GLVs also 
function as volatile phytoalexins where several of these compounds show antiprotozoal, 
bactericidal and antifungal properties (Nakamura and Hatanaka, 2002; Blee, 2002). 
Moreover, they also induce the production of isoflavenoid phytoalexins suggesting a role in 
early pathogen growth reduction before the onset of late defence responses (Blee, 1998). 
GLV are detected by insects and their response to GLV differs from species to species. 
Furthermore, GLV are also implicated in the tritrophic system of indirect plant defence from 
herbivours (Matsui, 2006). An array of phytooxylipins derived ultimately from the oxidation 
of 9- or 13-linoleic and linolenic acid and subsequently generated from the LOX enzymes 
possess in many cases significant antimicrobial action. Examples of which include, divinyl 
ether-containing PUFAs formed by epoxy alcohol synthases produce colneleic and colnelenic 
acids against Phytophthora infestans the casual agent of potatoe blight disease (Camera, 
2004; Shah, 2005). The action of epoxy alcohol synthase on 9-hydroperoxides of linoleic 
acid has been shown to have anti-fungal activity (Howe and Schilmiller, 2002). Keto-PUFAs 
formed by LOX show both antibacterial and fungicidal properties (Prost et al., 2005). 
Hydroxy PUFAs formed by reductases shows mainly fungicidal properties (Prost et al., 
2005). Epoxyhydroxy-PUFAs formed by peroxygenases show both antibacterial and 
fungicidal properties (Prost et al., 2005). Epoxyhydroxy-PUFAS formed by epoxy alcohol 
synthases show both antibacterial and fungicidal properties (Prost et al., 2005). 
 
The non-enzymatic and spontaneous oxidation of 9- or 13- linoleic and linolenic acid by the 
actions of H2O2 and other ROS leads to the production of a novel class of phytooxylipins 
independent from LOX and are ubiquitous in plants. The cyclopentanone oxylipins called the 
phytoprostanes exhibit a structural similarity with JA which is reminiscent of the similarity 
Figure  1.11. Diversity of the LOX pathways as a result of a response to biotic stress.
AOS: allene oxide synthase; DES: divinyl ether synthase; EAS: epoxyalcohol synthase; 
HPL: hydroperoxide lyase; POX: peroxygenase; LOX: lipoxygenase
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13(S)-hydroperoxy linolenic acid (13-HPOT)
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between animal isoprostanes and prostaglandins. Phytoprostanes show biological activities 
and induce defence gene expression and phytoalexin biosynthesis and provide evidence for 
lipid peroxide signals from ROS-dependent, LOX-independent induced lipid peroxidation 
which show biological function (Thoma et al., 2003; Zhao et al., 2005). 
 
It is considered that the spatial and temporal expression pattern and location of an individual 
LOX and the channelling of its components to a specific hydroperoxy fatty acid utilising 
enzyme will determine the final oxylipin product (Shah, 2005). For example the chloroplast-
localized LOX H1 activity in potatoes, channels fatty acid hydroperoxides to hydroperoxide 
lyases (HPLs) that release C6 aldehydes and alcohols and the corresponding oxoacid 
(traumatic acid) (Leon et al., 2002).  
 
The cloning of the LOX pathway enzymes revealed that they form a new family of unusual 
cytochrome P450s referred to as CYP74 which differ from the classical P450s by their 
exclusive reaction with fatty acid hydroperoxides instead of using molecular oxygen and 
reductants like NADPH (Blee, 1998; Blee, 2002; Howe and Schilmiller, 2002). The CYP74 
family of proteins catalyse the transformation of fatty acid peroxides by a common 
mechanism and that minor differences in enzyme structure determine their distinctive 
reaction outcomes. The CYP74 family of enzymes include AOS as CYP74A, HPL as 
CYP74B and CYP74C, DES as CYP74D and EAS (Howe and Schilmiller, 2002). However, 
unlike the CYP74 family, peroxygenase proceeds via a distinct molecular mechanism in 
order to achieve the reduction of fatty acid hydroperoxides into their corresponding alcohol 
and further transformation into epoxy-hydroxy derivatives. Therefore the LOX pathway 
peroxygenases are not included in the CYP74 family (Blee, 1998). 
 
1.2.5.13 Peroxygenases 
 
Peroxygenases are part of a family of enzymes known as oxygenases of which AtClo-1 from 
oat was recently classified (Hanano et al., 2006). Oxygenases are classified as either 
dioxygenases or monooxygenases according to the number of oxygen atoms that are 
transferred to a carbon compound in the catalysed reaction. Dioxygenase reactions utilise 
both oxygen atoms which are incorporated into one or two carbon compounds. Lipoxygenase 
is an example of a dioxygenase, an important group of enzymes in plants that catalyse the 
addition of molecular oxygen to polyunsaturated fatty acids (PUFAs), specifically to position 
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9 and 13 of C18 chain of linoleic or linolenic acid (Liavonchanka and Feussner, 2006; 
Feussner and Wasternack, 2002). The resulting hydroperoxy-derivatives serve as substrates 
for further transformation by various enzymes including peroxygenase. Converesly, 
monooxygenases add one of the atoms in molecular oxygen to a carbon compound; the other 
oxygen atom is converted to water. Monooxygenases are sometimes referred to as mixed-
function oxidases because of their ability to catalyse simultaneously both oxygenation 
reactions and the oxidase reaction (reduction of oxygen to water). The monooxygenase 
reaction requires a reduced substrate, normally NADPH, as an electron donor according to 
the following equation: 
 
A + O2 + BH2  --------> AO + H2O + B 
 
Where A represents an organic compound and B represents an electron donor. 
 
An important monooxygenase in plants is the family of haem proteins collectively called 
cytochrome P450 (Taiz and Zeiger, 2006). These enzymes initially activate oxygen by 
combining it with the iron atom of the haem group; the NADPH serves as the electron donor. 
Classical cytochrome P450s absorb maximally at 450nm hence the name. Three decades ago 
Ishimaru and Yamazacki (1977) reported the occurrence in pea microsomal fractions of a 
CO-binding haemoprotein distinct from classical P450’s by its spectral properties i.e. it did 
not absorb maximally at 450nm. It was later discovered that in contrast to classical P450’s, 
this membrane-bound enzyme was unable to carry out oxidative reactions in the presence of 
NADPH and O2 (Blee, 1998). Experiments performed utilising O
18
 radio-labelled linoleic 
acid hydroperoxide revealed the oxygen atom introduced into the substrate originates from 
the hydroperoxide. Peroxygenases oxidizing source is restricted to hydroperoxides which 
during the reaction is reduced to the corresponding alcohol and as such this new oxygenase 
activity was called ‘peroxygenase’. Ten years later it was discovered that a soybean seedling 
sulfoxidase required only hydroperoxides for its activity. Subsequently the same group 
showed this enzyme was able to epoxidize double bonds of unsaturated fatty acids. At the 
same time Hamberg and Hamberg confirmed the presence of an epoxidase in the bean Vicia 
faba. From that time Blee et al., (1993) verified the numerous activities of this enzyme i.e. 
hydroxylation, sulfoxidation and epoxidation as a result of the peroxygenase co-oxidative 
mechanism of action (Blee and Durst, 1986; Blee et al., 1993). 
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1.2.5.13.1 Peroxygenase mechanism of action 
 
In the literature there is often confusion between peroxygenase and peroxidase. Both mediate 
the oxidation of substrates at the expense of hydrogen peroxide or lipid hydroperoxides and 
both catalyse co-oxidation reactions in planta. However, peroxidase-mediated reactions 
involve free peroxy and /or alkoxy radicals and the oxygen in the products is derived from 
water or molecular oxygen. Peroxygenase-mediated reactions catalyse the direct transfer of 
oxygen from hydroperoxides to the substrate whatever the type of reaction, be it 
hydroxylation, sulfoxidation or epoxidation. Peroxygenases share some mechanistic 
properties with classical cytochrome P450’s monooxygenases in that only one oxygen atom 
is transferred to the substrate and both are inhibited by 1-aminobenzotriazole (Blee and 
Durst, 1987). It is noteworthy to add that unlike peroxygenase, horseradish peroxidase is not 
inhibited by 1-aminobenzotriazole (Blee, 1998). Significant differences between 
peroxygenases and classical P450 monooxygenases however, do exist. All attempts with 
peroxygenase to record any detectable formation of the characteristic Fe (II)-CO complex 
absorbing at 450nm failed.  
 
Peroxygenase is able to catalyse both the intramolecular or intermolecular transfer of oxygen. 
However, both reaction mechanisms require the heterolytic cleavage of the O-O bond of 
hydroperoxide by the action of peroxygenase. This yields the corresponding alcohol while 
the oxygen from the hydroperoxide is transferred to the intermediary ferryl-oxo complex. 
The ferryl-oxo complex subsequently transfers the same oxygen back to the substrate from 
which it was generated (intramolecular transfer) to generate an epoxide product as the 
oxidation step without the substrate leaving the active site (Blee, 1998; Blee, 1993). 
Peroxygenase in the presence of hydroperoxides also utilises the intermolecular transfer of 
oxygen to catalyse co-oxidation reactions. The oxygen atom from the hydroperoxide is 
transferred to the intermediary ferryl-oxo complex yielding the corresponding alcohol which 
subsequently diffuses out of the active site to be in competition with other substrates for 
oxidation (co-oxidation) (Hamberg and Hamberg, 1996; Blee and Durst, 1987). The 
proportion of intermolecular versus intramolecular oxygen transfer depends on the nature of 
the product formed by the reduction of the hydroperoxide and on its relative affinity for 
peroxygenase, i.e. the ease with which it engages in the intramolecular transfer of oxygen. 
Substrates whose products can not be oxidized e.g. cumene hydroperoxide, hydrogen 
peroxide and alkyl hydroperoxides lead to an inactivation of the peroxygenase by oxidation 
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of the haem group as the ferryl-oxo intermediate is no longer stabilized by a readily 
oxidizable substrate (Blee, 1998). 
 
1.2.5.13.2 Potential physiological functions of peroxygenase 
 
Literature describing the physiological roles of peroxygenase is sparse. Nevertheless 
peroxygenase is intrinsically associated with both the linoleic and oleic acid cascade (Blee, 
1998, Lequeu et al., 2003). Peroxygenase is a categorical requirement for the synthesis of a 
vast array of C16 and C18 oxylipins, for example, epoxy-, hydroxyl, dihydroxy and 
trihydroxy derivatives of these unsaturated fatty acids (Blee, 1998). Many of these 
derivatives have been suggested to act as endogenous signal molecules (Schweizer et al., 
1996). Some of these compounds, which include the cutin monomers, trigger alkalinisation 
of plant cell growth medium and subsequent changes in the phosphorylation state of specific 
proteins, although specific cutin monomers of the C16 and C18 varied significantly in their 
potential to induce alkalinisation. This treatment stimulated the production of the plant 
hormone ethylene and activated defence-related gene at the RNA level (Blee, 1998). 
 
The hydroxylation and epoxidation of oleic or linoleic acid followed by the hydrolysis of the 
corresponding epoxide which involves peroxygenase generates cutin monomers and as such 
peroxygenase may play a role in cuticle synthesis (Lequeu et al., 2003) which might be 
required to prevent pathogenic breaches. 
 
1.2.5.14 Octadecenoid and JA synthesis. 
 
Jasmonates including jasmonic acid (JA) are oxylipins that originate from linolenic acid 
released from the chloroplast membranes by lipase enzymes and subsequently oxygenated by 
lipoxygenases (LOXs) to hydroperoxide deriviatives (Wasternack, 2007). The initial step in 
the biosynthesis of JA via the octadecanoid pathway is catalysed by allene oxide synthase 
(AOS) that converts 13-hydroperoxy-linolenic acid (13-HPOT) to an unstable allene oxide 
intermediate which in turn is modified by an allene oxide cyclase (AOC) to form 12-oxo-
phytodienoic acid (OPDA). All the reactions leading to the formation of OPDA occur in the 
plastids, whereas subsequent steps take place in the peroxisome. Reduction of OPDA by 
OPDA reductase 3 (OPR3) is followed by three rounds of β-oxidation to finally yield 
jasmonic acid (Wasternack, 2007; La Camera et al., 2004). The role of jasmonic acid in the 
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systemin-mediated generation of proteinacous defence compounds such as proteinase 
inhibitor proteins (PINs) against insects and the induced defence response is well known for 
many years (Wasternack and Hause, 2002), whereas its biological role in defence against 
pathogens was confirmed just several years ago by genetic approaches using mutants unable 
to accumulate jasmonic acid (Blee, 2002).  Indeed, mutants have been isolated for virtually 
every step of the jasmonate biosynthetic pathway. Jasmonic acid is thought to act as a signal 
molecule that activates the expression of various JA-responsive genes (JRGs) in both 
monocots and dicots leading to the synthesis of JA-induced proteins (JIPS) (Leon et al., 
2001). JIPs not only provide tolerance against herbivores by functioning as antinutritional 
proteins such as proteinase inhibitor proteins PINs but also protect against plant pathogens 
(classically necrotrophs) by functioning as defensins (PDF1.2) and thionins or enzymes 
involved in the biosynthesis of phyloalexins. (Wasternack and Hause, 2002; Wasternack and 
Parthier, 1997). For example, the volatile JA derivative methyl jasmonate (MeJA) is shown 
to be biologically active and enhances resistance to B. cinerea (Shah, 2005) a well-known 
necrotrophic pathogen model system. 
 
Some JA regulated genes are also regulated by ET (Zhao et al., 2005). In the case of PDF1.2- 
induced expression requires both JA and ET (Glazebrook, 2005). Therefore many authors 
associate the JA signalling pathway with the ET. Nevertheless, JA and ET can antagonize 
each other. For example, ET suppresses JA induction of gene expression of nicotine 
biosynthesis in tobacco (Shoji et al., 2000). 
 
The coronatine insensitive 1 (coI1) gene was identified as a key component of the JA 
pathway and a mutation in coI1 renders the plants insensitive to growth inhibition by 
coronitine, a compound structurally similar to JA and MeJa (Kachroo and Kachroo, 2007). 
The coi1 plants are unable to respond to exogenous application of JA and are impaired in the 
induction of JA–responsive genes, Thi1.2 (thionin) or PDF1.2 (defensin). The plants are also 
susceptible to insect herbivory and necrotrophic pathogens (Kachroo and Kachroo, 2007). 
The coI1 gene encodes a protein containing leucine-rich repeats and an NH4-terminal, 
degenerate, F-box domain. F-box proteins in the Eukaryotic systems are known to function in 
a ubiquitin-ligase complex called SCF (Skp1-Cdc53/Cullin-F box receptor) complex and 
target substrate proteins for proteolytic cleavage degradation (La Camera, 2004; Shah, 2005; 
Glazebrook, 2005; Halim et al., 2006). In Arabidopsis, it was shown that COI1 protein 
associates with the aforementioned protein to form the SCF
COI1
 (Balbi and Devoto, 2008; 
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Kachroo and Kachroo, 2007). It has been demonstrated that COI1 is required for all JA 
mediated responses analysed so far (Devoto et al., 2002). 
 
Moreover, coI1 mutant exhibits enhanced susceptibility to Botrytis cinerea and Alternaria 
brassicola, both of which are necrotrophs suggesting that turnover of the regulatory proteins 
may be an important step in activating plant defences against necrotrophs. In contrast, the 
coi1 mutant exhibits enhanced resistance to Pseudomonas. syringae suggesting that COI1 
negatively regulates plant defence against biotrophic pathogens (Shah, 2005). 
 
1.2.5.15 Crosstalk of SA with JA/ET pathways 
 
As aforementioned plant response to biotrophic pathogens is mediated through SA signalling 
which in turn mediates HR and SAR and the subsequent transcriptional activation of the 
pathogenesis related (PR) genes such as PR1, PR2 and PR5 which are regarded as markers 
for the onset of SAR (Dong, 2004; Beckers and Spoel, 2005). The cascade of transcriptional 
events caused by SA is mediated through NPR1 (Dong, 2004). SA-induced changes in 
cellular redox potential leading to the cytoplasmically located oligomeric NPR1 breaking up 
into its monomeric form which subsequently translocating to the nucleus, activates PR genes. 
However, the HR response is not very effective against necrotrophic pathogens which could 
be even more successful in their infection if the plant is pre-treated with SA. (Glazebrook, 
2005). The defence against necrotrophs is rather dependent on JA and/or ET-derived signals 
where ET and JA are generally thought of as collaborative signals. It is a well established 
fact that SA and JA/ET pathways interact antagonistically in many plants including 
Arabidpsis and Solencea (Glazebrook, 2005; La Camera, 2004; Shah, 2005). Genetic studies 
show that JA signalling negatively regulates the expression of SA-responsive genes in 
Arabidopsis (Petersen et al., 2000). Activation of SAR results in the suppression of JA 
signalling and SA has been shown to be an inhibitor of JA-inducible genes. The nahG and 
npr1-1 plants accumulated increased amounts of JA and JA-inducible genes upon infection 
with Pseudomonas syringae as compared to wild type plants (Spoel et al., 2003). Similarly 
Tobacco plants silenced for PAL and thus contain lower levels of the phenylpropanoid 
compounds as well as plants expressing nahG, both displayed a stronger induced resistance 
response to larval feeding by the tobacco hornworm Manduca sexta. (Felton et al., 1999). 
These data support negative crosstalk between SA and JA where SA dampens down the 
action of JA (see figure 1.12) (Felton and Korth, 2000).  
Figure 1.12. An overview of the pathways required for induction of resistance against 
various pathogens. 
Biotrophic pathogens are mainly inhibited by SA-dependent responses, whereas defence to 
necrotrophs rely on camalexin, JA and ET. For a more detailed review about mutants involved 
in the signalling pathway see Kachroo and Kachroo (2007).
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Exogenous application of SA inhibits the MeJA-induced expression of JA-responsive genes 
in wild-type plants but not in npr1-1 plants. These studies led to the suggestion that NPR1 is 
involved in the negative crosstalk between SA and JA pathways, where NPR1 is required for 
SA-mediated activation of PR gene expression, but suppresses JA synthesis and JA-
responsive gene expression (Spoel et al., 2003). Indeed, recent work demonstrates that 
infection by a biotrophic pathogen significantly compromises resistance against a necrotroph. 
In this case, SA is the potent inhibitor of JA-dependent defense against necrotrophs (Spoel et 
al., 2007). However, although nuclear localization of NPR1 is critical for the induction of PR 
genes (Kinkema et al., 2000), SA and JA signalling occur through NPR1 in the cytosol. In 
other words, NPR1 nuclear localization is not required for crosstalk mediation (Spoel et al., 
2003). Intriguingly, the several WRKY factors (WRKY 70 and WRKY 53) that act 
downstream of NPR1, have been implicated in crosstalk between JA and SA confirming the 
involvement of NPR1 in crosstalk (Balbi and Devoto, 2008). WRKY70 has also been 
identified as a node for SA and JA mediated signalling during responses to bacterial 
pathogens (Li et al., 2004).  
 
Both JA and SA can induce the expression of a common set of genes (Shah, 2005). Likewise 
in Arabidopsis both SA and JA responses are simultaneously activated. A recent report 
discusses the interaction between SA and JA in terms of amplitude and spatial separation of 
each signal (Mur et al., 2006). Both Arabidopsis and tobacco were co-treated with JA and SA 
and subsequently monitored for the effects on JA and SA-induced genes in addition to ROS 
production. They found a synergistic effect on SA and JA gene expression at low co-
treatment concentrations, whereas at higher concentrations or after prolonged treatment 
times, an induced antagonistic interaction was detected. Interestingly, the synergistic effects 
of SA and JA on gene expression and ROS production were NPR1 and COI1 dependent 
(Mur et al., 2006).  
 
Ethylene responses also play a role in pathogen defence signalling and crosstalk. The 
pathogen-responsive MAP kinase 6, (MPK6) or a CDPK modulates the stability of ACC 
synthase (ACS) which is the committed step in ET biosynthesis. ET is in turn involved in 
crosstalk and potentiates gene-for-gene and SA and JA responses (Broekaert et al., 2006).  
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Defences against necrotrophs can also be regulated either via exclusive JA or ET signalling 
or an integrated JA/ET response via ERF1 (Kachroo and Kachroo, 2007). As aforementioned 
the consensus is that ET and JA act collaboratively. However, several studies point to 
negative interaction for selected responses (Bostock, 2005). For example, JA via SCFCOL1 
induces the bHLHzip transcription factor AtMYC2/JIN1/JAL1, which deregulates the 
pathogen response gene expression in favour of wound responsive genes (Lorenzo and 
Solano, 2005). 
 
1.2.5.16 Role of ABA in biotic defence mediation 
 
As aforementioned the plant hormone abscisic acid (ABA) plays important roles in many 
aspects of plant physiology and may be divided into two differing categories:  
1. Development physiology such as seed development, dormancy, germination and stomatal 
movement. 
 2. Abiotic stress mediation which is regulated by the combinatorial activity of 
interconnected ABA-dependent and ABA-independent signalling pathways (Fujita et al., 
2005; Yamaguchi-Shinosaki, Shinozaki, 2006).  
 
The effect of this abiotic stress hormone on plant disease resistance is a neglected field of 
research. However, on the basis of experiments with exogenous application of ABA, 
inhibition of ABA biosynthesis or ABA mutants it has been shown that enhanced ABA levels 
correlate with increased susceptibility to pathogenic challenges (Mohr and Cahill, 2007; 
Thaler and Bostock,  2004; Koga et al., 2004, Bostock, 2005). On the other hand a reduction 
in ABA levels below that in wild type increased resistance to many pathogens. For example, 
the ABA –deficient Solanum sitiens has increased resistance to pathogens and application of 
exogenous ABA restores the susceptibility of Solanum sitiens to pathogenic challenge 
(Audenaert et al., 2002; Thaler and Bostock, 2004). Furthermore, the sitiens mutant has a 
greater SA- mediated response and was more resistant to Pseudomonas syringae pv. Tomato, 
than wild type plants suggesting that high ABA concentrations inhibit the SA-dependent 
defence response in tomato (Audenaert et al., 2002; Thaler and Bostock, 2004). Indeed, this 
was confirmed as ABA treatment suppresses the phenylpropanoid pathway through 
inhibiting the activity and reducing transcript levels of phenylalanine ammonium lyse 
(Mauch-Mani and Mauch, 2005). The consequential effect of this is to suppress phytoalexin 
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synthesis. Therefore, ABA somehow interferes with SA mediated defence signalling (see 
figure 1.12).  
 
Synergistic and antagonistic effects are reported for the interaction of ABA and JA. High 
ABA concentrations strongly reduce JA and ET responsive gene transcripts whereas ABA- 
deficient mutants showed a corresponding increase. However, the inhibitory effect of ABA 
could not be circumvented by application of either methyl JA or ET suggesting the ABA- 
mediated abiotic stress is a dominant process (Anderson et al., 2004). 
 
The negative effect on other biotic stress mediated phytohormone signalling pathways is a 
consequence of ABA interfering with shared components of signalling pathways e.g. ROS 
(Fujita et al., 2006).  
 
There are, however, reports of a positive correlation between ABA and pathogen challenge. 
Viral infection increases ABA concentrations in tobacco and treatment with ABA increases 
virus resistance. Interestingly, ABA inhibits the transcription of a basic β-1,3-glucanase 
(Rezzonico et al., 1998) that can degrade the β-1,3-glucan callose (Beffa and Meins, 1996) 
forming a physical barrier to prevent both viral spread through the plasmodesmata (Mauch-
Mani and Mauch, 2005) and necrotrophic fungi and bacteria invasion (Ton and Mauch-Mani, 
2004). 
 
1.2.5.17 Overview of abiotic and biotic stress signalling components 
 
Although it is unusual for plants in their natural environment to be subject to one stress at 
any one time, the existence of common signalling pathways allow plants that are resistant to 
one stress to be resistant to others simultaneously. In some cases the resistance phenotype 
may even overlap the abiotic-biotic boundary. For example, ozone exposure can induce 
resistance to virulent phytopathogenic Pseudomonas syringae strains in Arabdidopsis and to 
the tobacco mosaic virus in tobacco via SA-mediated pathways (Sharma et al., 1996). Indeed 
plants posses an array of phytohormones such as SA, JA ABA and ET that primarily regulate 
the protective responses of plants against both abiotic and biotic stress via synergistic and 
antagonistic actions which occur at convergence points or nodes in signalling pathways 
which confer crosstalk. 
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Crosstalk can be defined as the interaction of two or more different signalling pathways at 
nodes where convergence at one signalling node or component results in the same 
downstream response. Alternatively different signalling pathways could interact and affect 
negatively or positively each others outcome (Ludwig et al., 2004). Cross-tolerance is a 
function of crosstalk where abiotic and biotic stress signalling pathways converge at nodes 
common to each pathway. However, other signalling components are common to both abiotic 
and biotic stress which include ROS, Ca
2+
, CDPK and MAPK,  which are potential 
candidates for crosstalk. In plants, calcium ions are the primary universal second messengers 
that couple physiological responses to external signals and are, therefore, implicated in early 
signalling events (Hu et al., 2007). Indeed, cytoplasmic [Ca
2+
] levels increase just seconds 
after the detection of an external stimulus (Reddy and Reddy, 2004). Transient changes in 
cytosolic free [Ca
2+
] ion concentrations occur during abiotic stimuli including light, low and 
high temperature, touch, hyperosmotic stress, oxidative stresses ABA , H2O2 and in response 
to biotic stimuli including fungal elicitors, avirulence factors and activation of the 
corresponding cell surface receptor (Zhao et al., 2005; Bouche et al., 2005).  
 
Ca
2+ 
channels are responsible for the Ca
2+
influx from either the apoplastic space or from 
internal stores. Indeed Ca
2+
channels represent one type of sensor for stress signals (Ma and 
Berkowitz, 2007). Transient calcium elevations are sensed by a specific set of proteins called 
calcium sensors. The first class of sensors without any responder domains, (e.g. calmodulin 
and calcineurin B-like proteins) bind Ca
2+
and undergo conformational changes that in turn 
regulate gene expression and are called sensor relays. The second class of sensors are called 
responders as they have effector domains such as protein kinases through which they relay 
the message to their down-stream targets (Klimecka and Muszynska, 2007). Both groups of 
Ca
2+ 
binding proteins contain EF-hand calcium binding motifs. These proteins are not 
unusual, unlike caleosins, as they all possess a pair of EF-hand motifs required for 
cooperative calcium binding.  
 
CDPKs are excellent candidates for crosstalk, being regulated by the ubiquitous Ca
2+
 ion. It 
is through the variation in the number and amino acid sequence of the EF-hand motifs that 
affect the affinity of CDPKs for Ca
2+. 
For example, soybean isoforms α and γ display 
differential Ca
2+ 
concentration affinities of more than 10 fold whereas the α isoform shows a 
very low calcium threshold affinity. Thus a low magnitude Ca
2+
spike may selectively 
activate CDPK α and a much higher magnitude spike would activate both isoforms (Lee et 
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al., 1998). Apart from Ca
2+ 
ions, reversible phosphorylation and or autophosphorylation may 
also regulate CDPK activity (Cheng et al., 2002).   
 
Phosphoregulation has been observed in NtCDPK2 by an upstream kinase possibly a MAPK 
in response to pathogens. Indeed, MAPK themselves are also important crosstalk mediators. 
Biochemical analysis has revealed that in the presence of [Ca
2+
]
 
ions certain membrane 
phospholipids can enhance in vitro protein phosphorylation. There is considerable evidence 
that phospholipids act as second messengers in plants (particularly in association with biotic 
stress) and might elicit their effects through CDPK (Ludwig et al., 2004, (Klimecka and 
Muszynska, 2007). The participation of CDPK in various signalling pathways is relatively 
well known (see figure 1.6), however, little is known about their role in cross-talk between 
these pathways although crosstalk is very likely to occur. For example, NtCDPK2 is a node 
that integrates two different pathways activated by both hypo-osmotic stress and pathogen 
attack which varies in strength and duration, dependent on the stimuli. It seems that short and 
weak activation of the enzyme after osmotic stress solely results in the induction of wound 
signalling pathway, whereas much stronger and sustained elicitation may lead to plant 
defence responses. NtCDPK1 is not only induced by wounding but also high salt, fungal 
elicitation and phytohormones (Klimecka and Muszynska, 2007).  Although the crosstalk is 
very complex and most difficult to elucidate the finer details there is no questioning that 
CDPK are very important inter- and intra-abiotic and biotic stress crosstalk/ cross-tolerance 
mediators.  
 
Growing evidence suggests that ROS play a central role as a point of convergence between 
abiotic and biotic stress response. Indeed in plants, ROS are continuously produced as by 
products of various metabolic pathways that are localized in different cellular compartments. 
Under steady state conditions these molecules are scavenged by a plethora of non-enzymatic 
and enzymatic antioxidants. The problem arises when the balance between production and 
scavenging of ROS is perturbed by virtually all environmental abiotic and biotic stress (Apel 
and Hirt, 2004; Mittler et al., 2004). As a result of these disturbances intracellular ROS may 
rapidly rise. Indeed this should not in itself present a problem as increased levels of ROS 
directly activate redox-controlled transcription factors and induce genes which encode 
antioxidants (Desikan et al., 2001). However, if the stress-induced rise in ROS is beyond the 
ROS scavenging capacity, for example during acute stress, this will lead to inevitable toxic 
effects on the cell and its components. Therefore, ROS are often characterised as a double 
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edged sword: normal physiological ROS levels are maintained below a threshold by 
antioxidants and function as secondary signalling molecules whereas extreme levels of ROS 
beyond antioxidant scavenging capacity are detrimental (Slesak et al., 2007). Nevertheless, 
the common denominator associated with abiotic and biotic stress is ROS generation. 
However, are the roles of ROS universal during abiotic and biotic stress? ROS, particularly 
H2O2, is suited as an appropriate secondary signalling molecule. Although H2O2 is lipid 
soluble, specific aquaporins also facilitate its movement through plasma membranes (Bienert 
et al., 2007). ROS, very much like Ca
2+
,
 
is an early derived stress induced secondary 
signalling molecule which either mediates downstream events such as MAPK or potentiates 
phytohormone accumulation i.e. SA or even directly regulates gene expression. ROS are 
continuously produced predominantly in chloroplasts, mitochondria and peroxisomes, 
however, abiotic stress will cause an imbalance of the electron transport chain and the 
metabolic consumption of reducing power. This consequently increases ROS generation. 
(Apel and Hirt, 2004; Pitzschke et al., 2006). During biotic stress, several lines of evidence 
suggest that NADPH-dependent respiratory burst oxidase homolog genes (AtrbohD and 
AtrbohF) are the primary source of ROS generation (Pitzschke et al., 2006; Apel and Hirt, 
2004; Zhao et al., 2005; Torres et al., 2002). SA synthesised as a consequence of early Ca
2+ 
signatures is amplified mediated by ROS (Gozzo, 2003).  
 
Salt, cold and drought stress all elicit an increase in cytosolic Ca
2+
 from either the apoplast or 
intracellular Ca
2+ 
stores directly activating Ca
2+
channels. This very early Ca
2+ 
signature 
induces ABA production which itself initiates second rounds of Ca
2+
influx and ABA 
biosynthesis. Ca
2+ 
has been shown to activate NADPH oxidase where high ROS levels 
subsequently activate Ca
2+ 
permeable channels at the PM and further increase Ca
2+. 
A kind of 
amplification cycle of ROS, Ca
2+ 
and ABA is set up, all of which indirectly interact and 
consequently mediate each other. Interestingly ROS responses have been suggested to be a 
primary point of convergence between ABA ‘abiotic stress’ and SA/JA/ET ‘biotic stress’ 
signalling pathways (Fujita et al., 2006). This is intriguing as despite the fact that ABA has a 
negative influence on both SA and JA/ET dependent defences, ABA induces some 
pathogenesis-related genes (Hoth et al., 2002). ABA is also required for systemin-induced JA 
responses in tomatoes (Pena-Cortes et al., 1995). 
 
In summary, oxidative stress is the common denominator of both abiotic and biotic stress. 
Indeed, microarray analysis has revealed that many genes induced by ROS are also 
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upregulated by salt, drought and cold stress and ABA (Seki et al., 2002; Mittler et al., 2004). 
Microarray analysis of H2O2-induced gene expression in Arabidopsis also indicates potential 
H2O2-responsive cis-acting elements in genes regulated by H2O2 (Desikan et al., 2001).  One 
of these elements the as-1 promoter element, has high homology with the redox sensitive 
mammalian AP-1 cis-element. However, in transgenic plants, it is ROS other than H2O2 that 
activates this as-1 element (Apel and Hirt, 2004). Interestingly, specific H2O2 regulated 
transcription factors (trans-elements) have not been identified or characterized. It is 
speculated that soluble thiol-containing low molecular mass compounds e.g. GSH or some 
proteins possessing active cysteine thiols such as thioredoxins or GPX can activate H2O2 
responsive transcription factors directly or indirectly (Slesak et al., 2007). 
 
Protein phosphorylation and dephosphorylation of signalling pathway components is critical 
in the regulation of gene expression which maybe either directly through phosphorylating 
transcription factors or simply as a signal relay and amplification system to downstream 
components. Although mitogen activated protein kinases (MAPK) are the primary 
phosphokinases, they are by no means exclusive. For example, an SNF1-related protein 
kinase 2 (SnRK2) called W55a gene transcript was found upregulated by multiple stresses 
including salt and drought and phytohormones SA and JA (Xu et al., 2009). The Protein 
kinase (casein kinase 2) has also been implicated in stress response (Kanhonou et al., 2001). 
Intriguingly, AtClo-3 possesses three putative casein kinase 2 phosphorylation sites. 
 
In all eukaryotes, mitogen-activated protein kinases (MAPK) cascades are highly conserved, 
central regulators of diverse cellular processes such as differentiation, growth, proliferation, 
death and stress responses which play a central role in transduction of many different types 
of stimuli both abiotic and biotic (Mishra et al., 2006; Jonak et al., 2002; Nakagami et al., 
2005). The MAPK signalling pathway involves three distinct components, MAPK, MAPK 
kinase (MAPKK) and the MAPKK kinase (MAPKKK). During signal transduction the 
MAPKKK are phosphorylated which subsequently phosphorylate and activate MAPKK 
which in turn phosphorylates and activates specific MAPK. Activated MAPK 
(phosphorylated MAPKs) are often imported into the nucleus and subsequently 
phosphorylate and activate donwnstream signalling components such as transcription factors 
(Mishra et al., 2006; Mahajan and Tuteja, 2005; Xiong et al., 2002).  
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As MAP kinases are not neatly aligned into separate parallel cascades but rather show 
significant overlap with many MAPK-activated via many different stimuli, including various 
phytohormones, they are prime examples of nodes of convergence and thus crosstalk 
between different stresses (Morris, 2001). The crosstalk network, like the CDPK, is complex. 
For example, active ANP-like MAPKKKs play a dual role in cell cycle regulation and 
transduction of oxidative stress signal (Mishra et al., 2006; Cheng and Song, 2006; Fujita et 
al., 2006; McCubrey and Franklin, 2006). Whereas other MAPK, for example, AtMPK4 and 
AtMPK6 are activated by common extracellular signals such as wounding, cold and salt 
stress, but each MAPK may have different signalling pathways e.g. AtMPK4 is activated by 
AtMEKK1 during wounding and by MKK2 during cold and salt stress (Mishra, 2006). 
MPK3 and MPK6 are involved in biotic stress. Moreover, MPK6 is activated by bacterial, 
fungal and plant-derived response elicitors. MPK6 is part of a signalling pathway activated 
by flagellin elicitor (flg22) and induces general defence responses but not HR (Mishra, 
2006). In this pathway the binding of flagellin to flagellin sensitive 2 (FLS2), a leucine-rich 
receptor kinase, directly induces the pathogen-responsive MPK6, which leads to the 
activation of transcription factors of the WRKY family. Thus, proving a link between elicitor 
induced-receptor like kinases and the direct activation of MAPK signalling which precludes 
the involvement of Ca
2+
 or ROS (Asai et al., 2002).  
 
Nonetheless, MAPK may be activated by R-Avr interactions mediated via ROS (Desikan et 
al., 1999, Kovtun et al., 2000). However, the directly activated tobacco salicylic acid-
induced protein kinase (SIPK) and wounding-induced protein kinase (WIPK) which are 
homologs of Arabidopsis AtMPK6 and AtMPK3, respectively, are the only MAPK to date 
shown to be activated by general elicitors and by the interaction of race-specific avirulence 
proteins and their cognate resistance proteins (Mishra, 2006; Romeis et al., 1999). The rice 
OsMPK5 gene is an ortholog of Arabidopsis MPK3 and is also induced by ABA, various 
abiotic stresses and pathogen infection. It positively regulates tolerance to drought, salt and 
cold stress and negatively regulates PR gene expression and broad spectrum disease 
resistance in rice (Xiong and Yang, 2003). More recently, Arabidopsis MPK3 and MPK6 
activated by expression of active upstream MAPK kinase (MAPKK) or MAPKK kinase 
(MAPKKK) was sufficient to induce camalexin synthesis in the presence of the necrotroph 
Botrytis cinerea (Ren et al., 2008). 
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MAPK also interact with, and are activated by ROS to provide yet an additional level of 
target gene regulation. MPK6 is activated by oxidative stress in cultured cells of Arabidopsis 
(Yuasa et al., 2001). MPK3 and MPK6 activities in ROS signalling are affected by the 
Arabidopsis Ser/Thr kinase OXI1 whose kinase activity is induced by H2O2 (Rentel et al., 
2004). Furthermore, ANP1, an Arabidopsis MAPKKK, activates MPK3 and MPK6 via H2O2 
(Kovtun et al., 2000). The Arabidopsis nucleoside-diphosphate kinase 2 (AtNDPK2) is 
induced by H2O2 which interacts and activates MPK3 in vitro. Moreover, overexpression of 
AtNDPK2 enhances tolerance to cold, salt and oxidative stress (Moon et al., 2003). These 
MAPK mediate ROS signalling which subsequently regulate genes controlling tolerance to 
abiotic stress in transgenic plants by improving ROS scavenging capability.  
 
In conclusion the MAPK cascade plays a crucial role in the crosstalk between various biotic 
and abiotic stress responses, in addition to hormone responses that include the central 
signalling molecule ROS. 
 
Aims 
• Molecular spatial and temporal characterisation of Arabidopsis caleosin gene 
expression profiles using appropriate EST or full length cDNAs as probes in Northern 
blot analysis. 
• Spatial and temporal characterisation of Arabidopsis and other model plants protein 
expression using an appropriate polyclonal antibody in conjunction with 
immunoblotting. 
• Determination of any Arabidopsis caleosin member responsive to stress. 
• Determine the spatial and temporal response of caleosin to various abiotic and biotic 
stresses at both the gene and more importantly, at the protein level. 
• Utilisation of biochemical analysis to determine the potential calcium binding and 
phosphorylation status of Arabidopsis AtClo-3 and differences in such during 
unstressed and physiologically stressed conditions. 
• Use of biochemical analysis supplemented with immunofluoresecence and 
transmission electron microscopy to determine the localisation of Arabidopsis AtClo-
3 in unstressed versus stressed tissue. 
• Determine the orientation of the stress responsive Arabidopsis AtClo-3 in the 
membrane and its potential functions. 
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• Utilisation of advances in secondary structure algorithm prediction programs to 
supplement experimentally determined orientation data and provide guidance for an 
updated and more realistic caleosin secondary structure model. 
• Verify the potential of AtClo-3 as a putative peroxygenase in unstressed against 
stressed tissue. 
• Elucidate the gene and protein expression profiles of other Arabidopsis caleosins and 
suggest their possible functions. 
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hapter 2       Materials and Methods 
 
2.1 Material 
 
2.1.1 Plant material 
 
Arabidopsis thaliana (Columbia ecotype), originally obtained from NASC (National 
Arabidopsis Stock Centre, Nottingham, UK), but propagated locally, was grown either in soil 
or hydroponically under glass at 22°C day/15°C night under long day conditions (16 hr light/8 
hr dark cycles) to flowering stage. For growth in soil, seeds were sown on a 1:1:1 mixture of 
vermiculite, perlite and peat placed at 4°C for 4 days to break residual dormancy, and 
transferred to normal growth conditions. For hydroponic growth, the seeds were grown as 
outlined in Huttner and Bar-Zvi (2003) using the growth medium of Gibeaut et al. (1997). 
Nutrient concentrations were 1.5 mM Ca(NO3)2, 1.25 mM KNO3, 0.75 mM MgSO4, 0.5 mM 
KH2PO4, 70 µM Fe-diethylenetriamine pentaacetate, 50 µM KCl, 50 µM H3BO3, 10 µM 
MnSO4, 2 µM ZnSO4, 1.5 µM CuSO4, and 0.075 µM ammonium molybdate. The transgenic 
Arabidopsis thaliana line containing the NahG gene was obtained from The Arabidopsis 
Information Resource (TAIR), Ohio State University, Columbus. The loss-of-function mutants 
npr1–1, npr1-2, aba1-1 and aba1-5, atmyc2, areb1, dreb1a and dreb2a were provided by 
European Arabidopsis stock centre at Nottingham University, UK (NASC). All mutant and 
transgenic lines were derived from the Columbia (Col-0) ecotype. Homozygous or segregating 
lines as published by NASC or TAIR were: 
Homozygous: nahG, aba1-1, Atmyc2, npr1-1, npr1-2, areb1  
Segregating: dreb1a, dreb2a (Segregating lines included a mixture of homozygous, 
heterozygous and wild-type plants). 
 
Mutant and transgenic lines accession numbers 
 
NahG, no longer available from ABRC; npr1-1, no code available; npr1-2, N3801; aba1-1, 
N21; aba1-5, N155; Atmyc2, N655309; areb1, N664399; dreb1a, N811402; dreb2a, N597569 
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2.1.2 Treatment of Arabidopsis and Brassica napus plants  
 
2.1.2.1    Drought stress 
 
Six week old soil based potted Brassica napus plants were removed from standing water and 
placed on blue-roll (to enhance the withdrawal of water via capillary action) under standard 
greenhouse conditions for various time-periods. 
 
Five week old Arabidopsis ecotype Columbia plants (wild type and mutants) were removed 
from soil or hydroponic nutrient solution with their roots and placed on Whatman 3MM paper 
at room temperature and approximately 60% humidity under dim light for 24 hours. The leaf, 
root, stem, flower and siliques were harvested immediately, either frozen in liquid nitrogen or 
utilised in protein extraction preparation. 
 
2.1.2.2    Salt stress 
 
The soil of potted 5 week old plants was drenched at least 5 times with a 250 mM NaCl 
solution then placed in approximately 5cm of salt water under standard growth conditions for 
various incubation periods. The nutrient solution of hydroponically grown plants was 
supplemented with 250 mM NaCl for various periods of time under standard greenhouse 
conditions. The leaf, root, stem, flower and siliques were harvested immediately either frozen 
in liquid nitrogen or utilised in protein extraction. 
 
2.1.2.3    The 2-dimethylamino-4,5,6,7-tetrabromo-benzimidazole (DMAT) treatment of 
plants 
 
DMAT (Biaffin GmbH & Co KG) was dissolved in an appropriate volume of dimethyl 
sulfoxide (DMSO) to produce a 10 mM stock prior to dilution in distilled water to equal a 20 
µM exogenous spray working concentration solution. Wild type 6-week old Arabidopsis were 
sprayed with this working solution of DMAT.  
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2.1.2.4    Cycloheximide treatment of plants 
 
Cycloheximide (Sigma) was dissolved in an appropriate volume of dimethyl sulfoxide 
(DMSO) to equal 100mg/ml concentration before diluting in water to a 1 mM working 
solution. Wild-type 6-week old Arabidopsis plants were sprayed with this working solution of 
cycloheximide.  
 
 2.1.2.5   Abscisic acid and Jasmonic acid treatment 
 
Various concentrations of freshly prepared abscisic acid and jasmonic acid solution 
supplemented with 0.25 % (v/v) Tween-20 were sprayed on foliage until each leaf was 
dripping. Spraying was repeated at the same time daily depending on incubation required. The 
leaf, root, stem, flower and siliques were harvested immediately either frozen in liquid nitrogen 
or utilised in protein extraction.  
 
2.1.2.6    Cold and Heat stress 
 
For cold and heat stress, five week old Arabidopsis were transferred for various incubation 
periods in incubators that had been set to either 3
o
C or 40
o
C. The leaf, root, stem, flower and 
siliques were harvested immediately, either frozen in liquid nitrogen or utilised in protein 
extraction preparation. 
 
2.1.2.7    Water stress 
 
The pots of soil-growing Brassica rapa and Sinapis alba were placed in 15cm of standing 
distilled water for a variety of incubation periods under standard greenhouse conditions. The 
different plant organs including leaf and root were subsequently harvested for total protein 
extraction. 
  
2.1.3 Chemicals and Reagents 
 
Chemicals were obtained from Sigma and Fisher Scientific. Molecular biology reagents were 
purchased from Sigma. Microbiology reagents were purchased from Fisher Scientific (Oxoid). 
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2.1.4 General media, buffers and solutions 
 
All media, buffers and solutions were made with distilled, de-ionized water (ELGA) and they 
were generally autoclaved or filter-sterilised before use. Abbreviated names will be written in 
full the first time they are mentioned in the text or they will be found in the Abbreviations. A 
list of frequently used media, buffers and solutions and their constituents is given below: 
 
 
Luria-Bertani (LB) medium 
 1% Bacto-tryptone, 0.5% Bacto-yeast extract, 1% NaCl 
 
LB agar 
 As LB medium with the addition of 1.5% Bacto-agar 
 
Agrobacterium medium 
 0.5% Beef extract, 0.5% Peptone-Y, 0.5% Sucrose, 0.1% Yeast extract-B, 0.05% 
MgSO4.7H2O 
 
Agrobacterium medium agar, 
 As agrobacterium agar with the addition of 1.5% Bacto-agar. 
 
20X standard saline citrate (SSC) 
 3 M NaCl, 0.3 M sodium citrate (pH 7.0) 
 
Tris-acetate-EDTA buffer (TAE) 
 40 mM tris (hydroxymethyl)aminomethane 
 20 mM Glacial acetic acid 
 1mM EDTA 
 
Tris-borate-EDTA buffer (TBE) 
 45 mM tris (hydroxymethyl)aminomethane 
 45mM boric acid 
 1mM EDTA 
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Homogenization buffer I  
0.2M sucrose, 10mM KCL 
1mM MgCl2, 1mM EDTA 
50mM Tris.Cl [pH 8.0]) 
 
Homogenization buffer II (0.4 M sucrose 
10 mM KCL 
1mM MgCl2 
1mM EDTA, 
50mM Tris.Cl [pH 8.0]) 
 
Kanamycin 
 Stock solution: 50 mg ml
-1
 of kanamycin sulphate in water 
 
Tetracycline 
 Stock solution: 10 mg ml
-1
 tetracycline hydrochloride in 50% ethanol and 50% water 
 
2.1.5 Culture conditions 
 
Cultures of E. coli (DH5α) were grown in LB broth or LB plates at 12-24 hrs at 37
o
C 
 
Agrobacterium tumefaciens were cultured in agrobacterium media in an orbital shaker at 200 
rpm or on agrobacterium media plates for 36 hrs at 28
o
C 
 
For medium term storage, E. coli were grown on agar slopes and Agrobacteria on agar stabs. 
 
For long term storage, strains were preserved at -80
o
C in 20% (v/v) glycerol 
 
2.1.6 Bacterial strains 
E. coli DH5α were used as competent cells thoughout the study   
 
2.1.7 Oligonucleotides 
Agrikola (Agri 51, Agri56, Agri64 and Agri 69) primers used in validating Clo3 RNA1 
delivery vector were purchased from Sigma Genosys. 
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2.2 Biochemical techniques 
 
2.2.1 Extraction of soluble protein from plant tissue 
 
Plant tissue was crushed in homogenization buffer I (0.2M sucrose, 10mM KCL, 1mM MgCl2, 
1mM EDTA, 50mM Tris.Cl [pH 8.0]) at 4
o
C using a pestle and mortar. The homogenate was 
filtered through two layers of Mira cloth and then microfuged at 6000xg for 1 minute at 4
o
C to 
pellet remaining cellular debris. The resulting supernatant was stored at –20
o
C. 
 
2.2.2 Extraction of oil bodies from dried seed 
 
A 1g sample of either Brassica napus, Arabidopsis or Mustard seeds were ground in 400µl 
homogenization buffer at 4
o
C using a pestle and mortar. The homogenate was filtered through 
2 layers of Mira cloth into an Eppendorf tube. An additional 800µl homogenization buffer II 
(0.4 M sucrose10 mM KCL, 1mM MgCl2, 1mM EDTA, 50mM Tris.Cl [pH 8.0]) was added 
and the homogenate was decanted into an Eppendorf tube. The tube was centrifuged at 5000g 
for 15 minutes and lipid floated to the surface. The soluble protein fraction was retained and 
stored at –20
o
C. The crude oil body fraction was removed from the top of the supernatant using 
a spatula dipped in liquid nitrogen. This procedure was repeated until enough oil bodies were 
extracted for subsequent SDS-PAGE analysis. The crude oil body fraction was dispersed in 
200µl of homogenization buffer II. The mixture was vortexed and then centrifuged at 13,0000 
x g for 20 minutes and the oil body fraction was again recovered into an Eppendorf. 
Homogenization buffer (200 µl) was added and the resultant oil body fraction was run out by 
SDS-PAGE to check if it was reasonably free from contaminating proteins. 
 
2.2.2 Preparation of Arabidopsis microsomal samples 
 
All steps for homogenisation and centrifugation were performed at 4°C. Plant tissues (leaves, 
stem, silique, root and flower) were blended in an Ultra-Turrax® homogeniser or ground with 
a mortar and pestle in homogenization buffer (0.2 M sucrose, 10 mM KCl, 1 mM EDTA, 2 
mM DTT, 100 mM Hepes [pH 7.5]). Samples were filtered through double layered Miracloth 
and subsequently centrifuged at 6000 x g for 2 min, yielding crude homogenates. Aliquots of 
50 µl of the crude homogenate were removed for SDS-PAGE and the remaining homogenate 
was microfuged at 13,000 x g for 20 min. The resulting pellet was resuspended in a minimal 
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volume (approximately 100µl) of homogenization buffer and stored at -20
o
C prior to SDS-
PAGE. Aliquots of 50 µl of the supernatant were removed for SDS-PAGE and stored at –20°C. 
The remaining supernatant was centrifuged at 125 000 x g for 60 minutes in an airfuge 
(Beckman and Coulter) after which the final soluble fraction was aspirated and stored at –
20°C. The remaining microsomal fraction was either resuspended in 10µl of 50 mM Tris or if 
required for proteolysis 50mM Tris containing 10 mM CaCl2 and stored at 4°C for no longer 
than 1 hr before proteolysis and/or running out on an SDS-PAGE. Protein concentrations were 
determined according to Bradford (1976). 
 
2.2.3 Chloroplast isolation from Arabidopsis leaf tissue 
 
Intact chloroplasts were isolated from Arabidopsis using a chloroplast isolation kit (Sigma). 
Briefly, 15 g of 4-week old leaves were cut into small pieces and homogenised in a 50ml 
Falcon tube with an Ultra-Turrax
® 
and 40 ml of chloroplast isolation buffer (CIB) with 0.1% 
BSA. The macerate was passed through a nylon filter mesh (0.2um) and centrifuged for 3 min 
at 200 x g to remove cell debris. The supernatant (4 ml) was transferred to a fresh falcon tube 
and chloroplasts sedimented by centrifuging for 7 min at 1000 x g. The pellet was resuspended 
in 1 ml of CIB by gentle pipetting up and down. Intact chloroplasts were separated from the 
broken chloroplasts by centrifugation on top of a 40% Percoll layer. The pellet containing the 
intact chloroplasts was retained and resuspended in 1 ml of CIB without BSA in a 1.5ml 
Eppendorf. An aliquot was retained for loading on an SDS-PAGE gel. The intact chloroplasts 
were lysed by freeze-thawing in liquid nitrogen repeated twice. To separate the membrane 
material from soluble stromal proteins the solution was centrifuged at 3000 x g for 10 min. A 
stromal supernatant was collected and thylakoids resuspended in distilled water prior to 
loading onto protein gels. The stromal supernatant was centrifuged at 100,000 x g for 60 min to 
sediment the chloroplast envelope. The stromal supernatant was retained and concentrated by 
evaporation at 40
o
C whilst the pellet was dissolved in 100 µl of distilled water. For 
immunoblotting, 100 µg of each fraction was loaded onto an SDS-PAGE gel. 
 
2.2.4 Protein concentration determination 
 
The concentration of soluble protein solution was determined by performing a Bradford assay 
(Bradford, 1976). Membrane bound proteins such as microsomal caleosins were solubilised in 
1% SDS and measured using the BCA method (Smith et al., 1985). 
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2.2.5.1 Bradford assay 
 
Samples of 5 µl were placed in wells of a 96-well plate (Greiner Bio One). BSA was used as 
the protein standard with a concentration range of 2-10 µg/µl. All measurements were done in 
triplicate. A multipipette was utilised to dispense 250 µl of Bradford reagent (Sigma) into each 
well. The plate was mixed by gentle vortexing on a vortex mixer. Protein concentrations were 
measured on an Emax 96-well plate reader (Molecular devices) programmed to read at 595nm. 
A standard curve of absorbance against protein (µg) was drawn for each set of protein standard 
readings. 
 
2.2.5.2 BCA protein assay 
 
The BCA test reagent consisting of 1 ml of 4% w/v Cupric Sulphate and 50 ml BCA 
(bicinchoninic acid) solution was made up fresh for each assay. Triplicate samples of 10µl 
were dispensed into wells of a 96-well plate and 190 µl of BCA reagent was added. The plate 
was incubated at 37
o
C for 30 minutes and allowed to cool at room temperature for 10 minutes. 
The absorbance measurements were read at 595 nm on the Emax 96-well plate reader 
(Molecular devices). 
 
2.2.6 Production of Polyclonal antibodies 
 
Clo4/5 N-Term: A 15 mer peptide was synthesized with a sequence corresponding to the first 
15 residues of the N-terminal peptide domain of Clo4, i.e. MASSISTGVKFVPEE. 
 
Clo Tyr-Kin: A 15 mer peptide was synthesized with a sequence containing at its centre the Y 
residue of the putative tyrosine kinase domain that is potentially phosphorylated in all Clo 
sequences i.e. AKHGSDSDVYDEGRF. 
 
Clo 3 N-Term: A 15 mer peptide was synthesized with a sequence corresponding to the first 15 
residues of the N-terminal peptide domain of Clo3, i.e. MAGEAEALATTAPLA. 
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2.2.6.1 Antigen synthesis and conjugation 
 
Approximately 10mg of each peptide was synthesised. The peptide was analyzed by mass 
spectral and high pressure liquid chromatography (HPLC) analyses to ensure sequence 
integrity and purity prior to conjugation. Next, the peptide was conjugated to 3mg of keyhole 
limpet haemocyanin (KLH). The peptide-protein conjugate was purified by gel filtration and 
freeze dried.  
 
2.2.6.2 Immunization and Bleed Protocol/Sera Collection 
 
Using New Zealand white rabbits as hosts, the conjugated peptide was injected subcutaneously 
at multiple sites. The initial immunization was given in Complete Freund's Adjuvant with all 
subsequent immunizations given in Incomplete Freund's Adjuvant. The first shipment from 
Sigma-Genosys included the pre-immune bleed and the first production bleed. Subsequent 
bleeds were sent after each drawing according to the bleed protocol (see below). Antisera was 
supplied unpurified and contained a number of different isotypes (IgG, IgM, IgA). A total of 
15ml of sera per rabbit per bleed was received. Each test-bleed antisera was tested by Western 
blotting until a satisfactory titre was obtained. 
 
Below are the immunization/bleeding protocol as carried-out by Sigma-Genosys. 
 
Day 0, pre-bleed, antigen injection; Day 14, antigen injection; Day 28, antigen injection; Day 42, 
antigen injection; Day 49, bleed; Day 56, antigen injection; Day 63, bleed; Day 70, antigen 
injection; Day 77, final bleed. 
 
2.2.7 Antiserum purification 
 
Immunoglobulins were purified from antiserum by precipitation with caprylic acid (octanoic 
acid) and dialysed, ammonium sulphate precipitation and final dialysis. Briefly, an equal 
volume of sodium acetate (120mM [pH 4.0]) was added to antiserum and the final pH adjusted 
to 4.8. Next, 75µl/ml of caprylic acid was slowly added (dropwise) to antiserum over 30 
minutes at room temperature, with slow stirring. The mixture was stood at room temperature 
for 5 minutes and centrifuged at 5000 x g for 30 minutes at 4
o
C. The supernatant was retained 
and dialysed against PBS at 4
o
C overnight with 2 changes. The dialysed sample was then 
mixed with an equal volume of saturated ammonium sulphate solution ((NH4)2SO4) to 
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precipitate the protein and stored overnight at 4
o
C. The sample was centrifuged at 3000 x g for 
30 minutes at 4
o
C. The pellet was resuspended in 2 pellet volumes of PBS and dialysed as 
above. 
 
2.2.8 Protein purification by SDS-PAGE 
 
SDS-PAGE was used for the separation of protein extracts from plant vegetative tissue and 
from seeds. The method of Schägger and Von Jagow (1987) was used due to its superior 
resolution at the molecular weights of interest (20-30 kDa). Acrylamide and bis-acrylamide 
were purchased from Fisher Scientific. Gels (100mm x 100mm x 1 mm) were composed of a 
10% T, 3%C running gel and a 4% T, 3% C stacking gel as detailed below: 
 
 
 
Samples were diluted in 1:5 (v/v) in 4X sample buffer (16% SDS, 48% glycerol, 8% β-
mercaptoethanol, 200mM Tris.Cl [pH 6.8], 0.01% bromophenol blue) and boiled for 5 minutes 
before loading onto the gel. Broad range protein standards (Sigma) were run on all gels. Pre-
stained standards (Sigma) were run on gels to be Western blotted. Gels were initially run at 60 
milliamperes (mA) until the proteins reached the running gel at which point gels were run at 
100V and maximum current for 5 hours in a 2 buffer system: cathode buffer (0.1 M Tris.Cl 
[pH 8.25], 0.1 M N-tris[hydroxy-methyl]-methylglycerine [Tricine], 0.1% SDS) in the central 
reservoir and anode buffer (0.2 M Tris.Cl, [pH 8.9]) in the tank. To visualize protein bands, 
gels were stained in 0.1% Coomassie Blue R, in 40% methanol, 10% acetic acid for 30 minutes 
For 2 gels 10% T, 3%C Running Gel 4% T, 3% C Stacking Gel 
 
49.5% T 3% C acrylamide, 
bis-acrylamide mix. 
5.66 ml 1 ml 
 
Gel buffer (3M Tris.Cl 
[pH 8.45], 0.3% SDS) 
6.66 ml 3.1 ml 
 
Glycerol 
2.6 ml 9.4 ml 
 
Water 
5.08 ml -- 
 
10% ammonium 
persulphate (APS) 
100 µl 100 µl 
 
TEMED 
10 µl 10 µl 
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with agitation and were destained in 40% methanol, 10% acetic acid until the background 
cleared. 
 
2.2.9 Western blotting and immunodetection of peptides 
 
For each gel, 2 pieces of Whatman 3MM filter paper and 1 piece of nitrocellulose (Hybond C, 
Amersham) were cut slightly bigger than the gel. The gel,  filter papers, nitrocellulose and the 
sponges from the blotting apparatus (Jencons) were pre-soaked in transfer buffer (25 mM Tris, 
192 mM glycine and 20 % [v/v] methanol) for 15 minutes. Each gel was placed between a 
nitrocellulose membrane and filter paper, sandwiched between two sponges in a gel holder 
cassette. The cassettes were slotted into the electrode module in the tank containing cold (4
o
C) 
transfer buffer. Blotting overnight at 30 V and maximum current produced optimum results. 
The membranes were removed and rinsed in Tris buffered saline (TBS: 10 mM Tris.Cl [pH 
7.2], 150 mM NaCl) prior to protein detection. Each membrane was blocked in 3% dried milk 
powder (Marvel) in TBS at room temperature for 1 hour with gentle shaking. The membranes 
were incubated with caleosin primary antibody (diluted 1:500) in block overnight at room 
temperature. The membranes were washed twice in TBST (TBST: TBS + 0.05% Tween-20 
[polyoxyethylene sorbitan monolaurate]) for 20 minutes and one in TBS for 20 minutes before 
incubation with alkaline phosphatase-conjugated goat anti-rabbit secondary antibody (diluted 
1:50 000) for 1 hour. The membranes were washed as above and the alkaline phosphatase 
activity was visualized by incubation of the membrane with 10 ml of alkaline phosphatase 
buffer (100mM NaCl, 5mM MgCl2, 100mM Tris.Cl [pH 9.5]), to which was added 66µl of 
nitro-blue tetrazolium (NBT, Sigma), at 50 mg/ml in 70% dimethyl formamide ( Sigma) and 
33 µl of bromochloroindolyl phosphate, disodium salt (BCIP, Sigma) at 50 mg/ml in dimethyl 
formamide. When the bands of interest had reached the required intensity, the reaction was 
stopped by the addition of 20mM EDTA. Immunoreactive bands were identified with reference 
to either pre-stained standards (Sigma) or amido black-stained markers. 
 
2.2.10 Coomassie staining 
 
The gel was stained for 30 minutes in 100ml of a solution containing 45% (v/v) methanol, 1% 
(v/v) acetic acid and 0.01% Commassie blue R. The gel was then destained in several changes 
of 45% (v/v) methanol/1% (v/v) acetic acid. 
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2.2.11 Dialysis of protein samples 
 
Protein samples, which contained high concentration of salt, were dialysed. The samples were 
dialysed against three changes of Phosphate buffered saline (PBS [pH 7.2]) overnight at 4
o
C, 
using 50 kDa cut-off tubing (Thermo scientific) 
 
2.2.12 Lyophilization 
 
Dilute dialysed total protein root samples were concentrated by lyophilization. Each sample 
was divided into 1 ml aliquots lyophilized in a mini lyotrap freeze drier (LTE freeze driers). 
 
2.2.13 Proteinase K digestion 
 
Aliquots of intact microsomes from stressed and non-stressed leaves (5 µl containing 200 µg 
protein) were incubated with increasing quantities of proteinase K (50 to 3000 µg) in a total 
volume of 50 µl at various temperatures and incubation periods ranging from 40
o
C for 1 hour 
to 37°C for 24hrs. This was to determine the optimum conditions for digestion. One sample 
was also treated with 2% v/v Triton X-100 to solubilise the microsomal membranes. 
Proteolysis was terminated by the addition of 1 mM phenylmethylsulfonylfluoride. 
 
2.2.14 Calcium mobility shift assay 
 
Total protein was extracted from 6-week old stressed and unstressed Arabidopsis with 10mM 
Tris-HCL buffer, pH 7.5. Each 500µl sample was incubated with various concentrations of 
CaCl2 for 10 minutes at room temperature, followed by 100mM Ethylene glycol-bis(2-
aminoethylether)-N,N,N`,N`- tetraacetic acid (EGTA) (10-50 mM) for 35 minutes at room 
temperature with occasional gentle mixing. 100µg of each sample were then loaded onto an 
SDS-PAGE gel with an appropriate volume of sample buffer and run under standard 
conditions. 
 
2.2.15 Phosphorylation assay 
 
Detection of phosphorylated proteins was by means of Phos-tag
TM 
300/460 phosphoprotein gel 
stain (Perkin Elmer). Total protein samples were extracted from 6- week old stressed and 
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unstressed Arabidopsis leaf and root tissue. Each sample was run on duplicate SDS-PAGE gel 
under standard conditions.  Appropriate molecular weights markers were used for size 
estimation (Sigma). After electrophoresis, one gel was fixed in 50% methanol/10% acetic acid 
and washed in distilled water. The gel was incubated with Phos-tag concentrate at 1:100 with 
stain buffer at room temperature for 90 min. The gel was destained with the supplied wash 
buffer (10mM, 1,2-Propanedio, 10mM Na2SO4, pH 7.5) rinsed in distilled water and viewed 
with a BioDoc-It
TM 
UV transilluminator imaging system (Bioimaging systems). The second gel 
was stained with Coomassie blue to represent the total protein content. Pertaining to equal 
protein loading, 75µg of each sample was loaded. However, as unstressed plant tissue contains 
approximately three times less AtClo-3 protein than that in stressed tissue; to equal the total 
protein Coomassie blue signal of unstressed AtClo-3 to that of stressed (salt treated) or ABA 
treated AtClo-3, approximately 3x the volume of unstressed sample was loaded to that of 
stressed sample. 
 
2.2.16 Pharmacological inhibition of protein kinase casein kinase 2 
 
A 20 µM working solution of 2-Dimethylamino-4,5,6,7-tetrabromo-1H-benzimidazole 
(DMAT) prepared from a 10 mM stock dissolved in dimethyl sulfoxide (DMSO)  was sprayed 
on the leaves of wild-type Arabidopsis plants before total protein extraction. The detection of 
the protein phosphorylation status is described above in section 2.2.15. 
 
2.2.17 Peroxygenase assay 
 
Peroxygenase activity was measured as outlined in Blée & Durst (1987). Briefly, the oxidation 
of aniline (1 mM) to nitrosobenzene at 310 nm was followed in the presence of microsomes 
from non-stressed and stressed leaves. Microsomes were prepared as standard except after 
aspiration of the supernantant, the microsomes were resuspended mechanically with a glass 
homogeniser in potasium phosphate buffer, pH 7.2, at 25°C to a final volume of 1ml. The 
resulting resuspension was centrifuged at 6000g for 30 seconds prior to pipetting into a UV 
cuvette (Semi-micro Kartell 1.5ml). The reaction was initiated by the addition of 1mM cumene 
hydroperoxide. Absorption values were recorded every 30 seconds.  
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2.3 Molecular Biology techniques 
 
2.3.1 Plasmid DNA preparation 
 
2.3.1.1 Small scale preparation 
 
Plasmid DNA used in transformation reactions was prepared using QIAprep miniprep kit 
(Qiagen). This method is based on the optimized alkali lysis method of Birnboim and Doly, 
(1979). The procedure purifies supercoiled DNA using three simple steps and the kit provides a 
simple final purification step using spin columns. The cells pellet from overnight culture was 
resuspended in 0.25ml of buffer P1 (50mM Tris-HCL, 10mM EDTA, pH 8.0 and 100 ug/ml 
RNaseA), then lysed at room temperature for 5 minutes by the addition of 0.25 ml of buffer P2 
(200 mM NaOH and 1% SDS). Bacterial debris and high molecular weight DNA were 
precipitated with 0.35 ml of buffer N3 (3.0 M KOAc, pH 5.5). After centrifugation, the 
supernatant was applied to a Qiagen spin column. The column was centrifuged briefly, then 
0.75 ml wash PE containing 80% ethanol was added. The tube was centrifuged twice to 
completely remove traces of wash buffer and finally eluted by adding 50 µl TE buffer pH 8.0. 
 
2.3.1.2 Large scale preparation 
 
Plasmid DNA from E.coli was isolated following a protocol adapted from QIAGEN
TM
 plasmid 
purification kit instruction manual. 
A 5ml volume of LB medium supplemented with 50µl/ml kanamycin or ampicillin was 
inoculated with bacteria from a freshly streaked selective plate or glycerol stab and incubated 
overnight at 37
o
C with vigorous shaking. The culture was poured into a 1 litre flask containing 
100ml of appropriate antibiotic supplemented LB medium and incubated overnight at 37
o
C 
with vigorous shaking. The 100ml culture was divided into two 50 ml Falcon tubes (Corning) 
and the cells pelleted by centrifuging at 6000 x g for 15 minutes. The supernatant was 
discarded and the bacterial pellet was resuspended in 4ml of Solution I (50µg/ml RNase A, 
50mM glucose, 10mM EDTA, 25mM Tris.CL [pH8.0]) supplemented with 0.2g lysozyme per 
100ml solution I and combined into one falcon tube per plasmid. A 4 ml volume of freshly 
prepared Solution II (0.2 NaOH, 1% SDS) was added and the tubes were inverted 6 times and 
incubated at room temperature for 5 minutes. A 4 ml aliquot of ice cold Solution III (3M 
NaOAc [pH4.8]) was added and the tubes were shaken and stored on ice/water for 20 minutes. 
The tubes were centrifuged at 6000 x g for 30 minutes and the supernatant filtered through 2 
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layers of sterile miracloth into fresh Falcon tubes. The DNA was subsequently precipitated 
with 3.5ml (0.7 volumes) of isopropanol. The nucleic acids were recovered by centrifugation at 
6000 x g for 60 minutes. The pellet was rinsed in 70% ethanol, air-dried and dissolved in 50µl 
of sterile dH2O. 
 
2.3.2 Restriction enzyme digest 
 
Restriction enzymes were supplied by Sigma and Promega. Digestions were performed 
according to the supplier’s recommendations using the enzyme buffers supplied. If DNA was 
cleaved by more than one enzyme a compatible buffer for both enzymes was used (double 
digest). Reaction mixtures were incubated in 200µl tubes for one to four hours at 37
o
C and the 
reaction stopped by heating at 65
o
C for 10 minutes. One tenth volume of loading dye (0.25% 
bromophenol blue; 0.25% (v/v) xylene; 15% (w/v) Ficoll in water) was added to DNA before 
analysis by agarose gel electrophoresis. DNA size standards (100 Bp and 1KBp ladder) were 
supplied by Norgen Biotek Corporation and Sigma. 
 
2.3.3 Phenol Chloroform purification of DNA 
 
A phenol/Chloroform purification of DNA was carried out after restriction enzyme digestion 
and prior to DIG-labeling reactions or in vitro transcription to ensure denaturation of 
contaminating protein and RNAases. 
An equal volume of diluted plasmid DNA was added to Tris saturated phenol (pH 8.0) in a 
microfuge tube and the mixture vortexed. The aqueous phase was separated my centrifuging 
for 5 minutes and then added to a fresh microfuge tube to which an equal volume of 
phenol/chloroform in a ratio of 1:1 (v/v) was added. The sample was vortexed and microfuged 
as before. The aqueous phase was removed and placed into a fresh microfuge tube to which an 
equal volume of chloroform/ isoamyl alcohol was added in the ration 24:1 (v/v). This was 
vortexed and microfuged. The DNA containing aqueous phase was precipitated with 1/10 
volume ice-cold 3M NaOAc (pH 5.2) and 2 volumes of ice-cold absolute ethanol (EtOH) and 
stored on ice/water for 30 minutes. The DNA was pelleted by microfuging for 10 minutes after 
which the supernatant was removed and the DNA pellet was washed twice with 70% ethanol. 
The DNA was pelleted by microfuging and was oven dried at 37
o
C for 30 minutes before 
redissolving in minimum volume of RNase-free dH2O. 
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2.3.4 Agarose gel electrophoresis 
 
2.3.4.1  Electrophoresis conditions 
 
Electrophoresis of E.coli plasmid DNA was carried out in 0.6 to 1.25% (w/v) TAE gels at 80 V 
for 3 hrs. After restriction enzyme digestion, DNA fragments were run in the same conditions. 
 
2.3.4.2  Detection of DNA 
 
DNA was stained with the intercalating dye, ethidium bromide (EtBr) after electrophoresis by 
placing the gel in a 1 µg/ml solution of the dye for 20 minutes with gentle shaking at room 
temperature. Fluorescence of the DNA-EtBr complex was stimulated by illumination with 
ultra-violet radiation supplied by a transilluminator. 
 
2.3.5 DNA elution from agarose gels 
 
Fragments were isolated from agarose gel by the Agarose gel DNA extraction kit (Roche) or 
the GenElute gel extraction kit (Sigma), both of which relied on silica binding technology. The 
Montage 
TM 
DNA extraction kit (Millipore) was simply based on filtration of nebulized DNA 
containing agarose gel.  
 
2.3.5.1 Agarose gel DNA extraction kit 
 
DNA was extracted from agarose gel according to the manufacturers instructions. The band 
was cut out of the gel with a razor blade and the agarose gel slice placed in a 1.5 ml microfuge 
to which 300µl of the supplied agarose solubilisation buffer was added per 100 mg of gel. 
Subsequently 10µl of silica suspension was added and the mixture was incubated for 10 
minutes at 60
o
C with vortexing every 3 minutes. The sample was microfuged and the pellet 
resuspended with 500µl of nucleic acid binding buffer. The sample was then microfuged to 
pellet the silica-bound DNA and the pellet was washed twice with in 500µl washing buffer. 
The DNA was eluted by addition of 20µl of dH2O, vortexed and incubated for 10 minutes at 
60
o
C. The DNA was removed by microfuging. This step was repeated and the supernatants 
combined. 
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2.3.5.2 GenElute
TM
 DNA extraction 
 
DNA was extracted from agarose gel according to manufacturer instruction (Sigma). The 
agarose gel slice was placed in a 1.5ml microfuge tube and 300µl of gel solubilisation solution 
was added per 100mg of gel. The mixture was incubated for 10 minutes at 60
o
C with 
occasional vortexing until dissolved. If the mixture turned red, 3M sodium acetate (pH 5.2) 
was added in 10µl increment steps until the mixture turned yellow. This ensured optimum pH 
for DNA binding. The binding column was ‘activated’ by adding 500µl of column preparation 
solution then microfuged for 30 seconds and the flow-through discarded. One gel volume of 
100% isopropanol was then added prior to loading 700µl of sample onto a binding column that 
was assembled in a 2ml collection tube. This was microfuged at 13,000 x g for 1 minute. The 
flow through was discarded and 700µl of wash solution was added to the column and then 
microfuged for 1 minute. This step was repeated and the flow-through discarded. The DNA 
was eluted off the column by addition of 50µl of elution solution (10mM Tris [pH 9.0]) and 
microfuging at 13,000 x g for 1 minute. 
 
2.3.5.3 Montage
TM
 DNA extraction kit 
 
DNA was extracted from agarose gel according to manufacturer instruction. The agarose gel 
was placed in the nebulizer and centrifuged at 5000 x g for 10 minutes. 
 
2.3.6 Non-radioactive labeling of cDNA probe  
 
Labelling of DNA probes was achieved by incorporation of modified digoxigenin (DIG-11-
dUTP) synthesized from the 3’OH termini of a random hexanucleotide primer by the Klenow 
fragment DNA polymerase I (DIG-High Prime, Roche). All sequence combinations are 
represented in the hexanucleotide primer mixture, which leads to binding of primer to the 
template DNA. Thus an equal degree of labelling along the entire length of the template DNA 
is guaranteed. A 1µg sample of purified linearised template DNA was added to a microfuge 
tube and made up to a final volume of 16µl with dH2O. The template DNA was denatured by 
boiling for 10 minutes and quickly chilled in ice/water mixture for 30 seconds. Primers were 
annealed to the template DNA by addition of 4µl of DIG-high prime (Roche), and then the 
labeling reaction was carried out at 37
o
C overnight. Heating the sample to 65
o
C for 10 minutes 
stopped the reaction. 
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Labeling efficiency was determined semi-quantitatively by a series of serial dilutions of the 
DIG-labeled DNA probe applied to a small strip of membrane and subjected to immunological- 
detection and NBT/BCIP colorimetric detection. The intensities of the dilutions were compared 
against control DIG-labeled DNA by the NBT/BCIP chromagen system.  
 
2.3.7 In vitro transcription labeling of RNA probes 
 
Riboprobes were synthesized and subsequently labeled with digoxigenin from the RAFL06-69-
K02 full-length cDNA (see figure 2.1) by in vitro transcription reactions using T3 phage RNA 
polymerase (Roche). As the RNA produced was to be used as a probe to detect AtClo-3 
mRNA, it was important that mRNA-complementary (antisense) transcripts were synthesized. 
Therefore, the vector was linearized using a restriction site in the polylinker region of the 
amino-terminal (5’) side of the coding region (SfiI). RNA probes were thus transcribed toward 
that site from the RNA phage promoter at the carboxy-terminal side of the coding region. 
Essentially, a 1µg sample of purified and linearized template cDNA, which contained a 
dsDNA base promoter sequence upstream of the sequence to be transcribed, was added to an 
RNAase free microfuge tube. The template was then mixed in this order with 2µl of 10 x NTP 
labeling mix (Roche), 2µl of 10 x transcription buffer (Roche), 1µl of protector RNAase 
inhibitor (Roche). The reaction was initiated by the addition of 2µl the appropriate RNA phage 
polymerase (T3) and incubated overnight at 37
o
C. The RNA polymerase after binding to its 
dsDNA promoter, separated the two DNA strands and used the 3’ to 5’ strand as a template to 
synthesise a complimentary anti-sense 5’ to 3’ run-off transcript at the end of the DNA 
template. The next day an aliquot of the RNA transcripts were run on a formaldehyde gel with 
1 x TBE buffer and stained with ethidium bromide and viewed with a UV transilluminator to 
determine size and labeling efficiency of the transcript. Labeling efficiency was determined 
semi-quantitatively as for DNA probes. 
 
2.3.8 Competent Cell Preparation 
 
The transformation protocol was based on the method of Hanahan (1983). A glycerol stab or a 
plate colony of E. coli DH5α was used to inoculate 10 ml of LB medium and grown overnight 
at 37
o
C with vigorous shaking in an orbital incubator. A 1ml volume of overnight culture was 
introduced to 100 ml LB medium in a 1 litre flask and the bacteria were allowed to grow at 
37
o
C for 1-2 hours, again with vigorous shaking, until the OD600  reached 0.2-0.6 absorbance 
units. The 100 ml culture was poured into two 50ml Falcon tubes (Corning) and cooled in 
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ice/water for 10 minutes. The cells were kept at 4
o
C. The tubes were spun at 1500 x g for 5 
minutes, the supernatant was subsequently discarded and the cells were resuspended in 20 ml 
75mM CaCl2 per 50ml tube. The centrifugation and resuspension were repeated and the tubes 
were left in an ice/water bath for 20 minutes. The cells were pelleted for a final time, 
resuspended gently in 2.5ml TFBII (10mM 3-(N-morpholinolpropanesulphonic acid [MOPS 
pH 6.5], 75mM CaCl2, 10mM RbCl and 15% glycerol) per 50 ml tube and kept on ice for 20 
minutes. Aliquots of 200µl were dispensed into microfuge tubes, snap-frozen in liquid nitrogen 
and stored at –80
o
C. 
 
2.3.9 Heatshock transformation of the RAFL06-69-K02 and RAFL06-77-N20 full length 
cDNA genes into DH5 
 
The RAFL06-69-K02 and RAFL06-77-N20 full length cDNA gene of AtClo-3 and AtClo-4 
respectively were present as an insert in the modified bluescript 1 (λZAPIII) plasmid.  
A 10µl volume containing approximately 50 ng of pure plasmid DNA was mixed with 200µl 
competent cells and stored on ice for 20 minutes. The cells were heat-shocked at 42
o
C for 
exactly 2 minutes and placed on ice/water bath for 1 minute. Aliquots of 1 ml LB medium 
were placed in each tube and the tubes were incubated at 37
o
C for 40 minutes. The supernatant 
was poured off following a 30 second centrifugation and each pellet was resuspended in the 
remaining 50-100µl. The cells were spread onto a LB agar plate containing 50 µg/ml 
ampicillin. Controls to which no DNA was added were also spread. When cloning was 
performed using the modified Bluescript 1 (λZAPIII) plasmid, the transformants were selected 
based upon their growth on LB with ampicillin. 
 
2.3.10 RNA Extraction 
 
The method used for RNA isolation was based on that described by Prescott and Martin 
(1987). Various precautions were taken to reduce RNase contamination. Bench surfaces were 
wiped down with RNase Zap (Sigma). Pestles and mortars, glassware and spatulas were 
drenched with RNase Zap for 2 hours, rinsed in dH2O, dried and baked at 250
o
C overnight. All 
solutions were prepared using baked glassware and autoclaved dH2O previously treated with 
diethyl pyrocarbonate (DEPC) and were reserved for RNA use only. Gloves were worn at all 
times and sprayed frequently with RNAase Zap. 
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Samples were ground in liquid nitrogen in a cooled pestle and mortar and the resulting fine 
powder was transferred to 3ml LETS extraction buffer (2mM aurintricarboxylic acid, 150mM 
LiCl, 5mM EDTA, 50mM Tris.Cl [pH 9.0], 5% SDS) in a 15 ml falcon tube. Following 
addition of an equal volume of water-saturated phenol:chloroform:isoamyl alcohol ((25:24:1) 
[pH 5.2]), the tube was vortexed and left on ice for 5 minutes, vortexing occasionally. The 
phases were separated by centrifugation at 1500 x g for 3 minutes and the aqueous phase was 
extracted again with phenol:chloroform:isoamyl alcohol and then with chloroform. The RNA 
was precipitated by the addition of 8M LiCl to the aqueous phase to a final concentration of 
2M and the tubes stored at 4
o
C overnight. 
 
The RNA was recovered by centrifugation and the pellet resuspended in 600µl of distilled  
DEPC treated autoclaved water. The solution was transferred to microfuge tubes containing 
200µl 8M LiCl and the tubes were kept at –20
o
C overnight. The RNA was re-pelleted and 
resuspended in 400µl of DEPC water. At this stage, the level of DNA contamination was 
assessed by running 10µl aliquots on a 1% agarose gel in 1x TBE. DNA contamination was 
reduced by further LiCl precipitations. Acceptable samples were ethanol precipitated (refer to 
2.3.11) and resuspended in 10µl of DEPC treated autoclaved water. The RNA concentrations 
were carefully determined using a spectrophotometer at 260nm wavelength or denaturing 
formaldehyde gel electrophoresis in order visualize the ribosomal RNA subunits to verify 
loading of equal amounts. Each RNA sample (5µg) was diluted with DEPC treated autoclaved 
water to give a volume of 10µl and added to 2µl of 10 x formaldehyde gel-running buffer 
(0.2M MOPS [pH 7.0], 0.05 M NaAc, 0.02 M EDTA), 3.3µl 37% formaldehyde, 10µl 100% 
deionized formamide, 2.3µl DEPC water, 2µl RNAase free glycerol and 0.8µl 1.25% 
bromophenol blue. The mixture was vortexed and incubated at 65
o
C for 10 minutes. The 
samples were loaded onto a 1.2% agarose gel made with 1 x formaldehyde gel-running buffer 
and 1% formaldehyde. An RNA size ladder (Sigma) was run alongside the samples. The gel 
was run at 80V for 4 hours in 1 x formaldehyde gel-running buffer. The gel was subsequently 
stained with 1 µg/ml solution of ethidium bromide the dye for 20 minutes with gentle shaking 
at room temperature. Destaining was carried out in DEPC treated autoclaved distilled water for 
20 minutes with gentle shaking at room temperature. Fluorescence of the RNA-EtBr complex 
was stimulated by illumination with ultra-violet radiation supplied by a transilluminator. The 
intensity of the ribosomal RNA-EtBr complex was compared in each lane to confirm equal 
loading of total RNA into each well. 
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2.3.11 Ethanol precipitation of RNA 
 
A 0.5 volume of 7.5mM NaOAc and 2.5 volume of ice cold 100% ethanol was added to the 
RNA sample and precipitated overnight at -20
o
C. The RNA was pelleted by centrifugation in 
the microfuge at 13,000g for 5 minutes before being washed twise with 0.5 volume of 80% ice 
cold ethanol. The RNA was pelleted by centrifugation after each wash at 13,000g for 5 minutes 
prior to resuspending in DEPC treated autoclaved water. 
 
2.3.12 Northern blot analysis 
 
Northern blot analysis was based on that described by Maniatis et al., (1989). The gel was 
blotted onto positively charged nylon membrane (Roche) utilizing downward capillary transfer. 
Briefly, 3 layers of 3MM Whatman paper soaked in 20 x SSC (3M NaCl, 0.3M NaCitrate [pH 
7.0]) placed on top of a stack of paper towels. The cut membrane was pre-wet in DEPC treated 
autoclaved water placed atop of the 3 MM paper overlaid with the gel. Air bubbles were 
removed with a sterile pasture pipette before 2 sheets of 3 MM paper, cut to size and soaked in 
20 x SSC were placed on top. Air bubbles were once again removed and the stack was covered 
with a bridge of blotting paper soaked in 20 x SSC of which one end was placed into a 
container of 20 x SSC. A 200g weight was placed on top of the bridge. Transfer was allowed to 
continue for 16 hours. The RNA was bound to the blot by baking at 120
o
C for 20 minutes. The 
blot was then pre-hybridized in DIG Easy Hyb (Roche) for 30 minutes at 50
o
C for DNA probe 
hybridization or 68
o
C for RNA probe hybridization. 
 
Freshly boiled denatured labeled probe was added to the pre-hybridisation mix and was 
incubated at 50
o
C for DNA probe hybridization or 68
o
C for RNA probe hybridization 
overnight with gentle agitation. The probe was discarded and the blot washed briefly in low 
stringency buffer (2 x SSC, 0.1% SDS), then for 2 x 15 minutes at 65
o
C in high stringency 
buffer (0.2 x SSC, 0.1% SDS). The blot was then rinsed in washing buffer (0.1 M Maleic acid, 
0.15 M NaCl [pH 7.5], 0.3% Tween 20) for 5 minutes before incubating in Blocking buffer 
(Roche) made up in maleic acid buffer (0.1 M Maleic acid, 0.15 M NaCl [pH 7.5]) for 30 
minutes at room temperature. Anti-digoxigenen-alkaline phosphatase conjugated antibody 
(Roche) was added to the blocking buffer at 1:5000 dilutions for 30 minutes at room 
temperature. The antibody solution was discarded and the membrane was immediately washed 
with washing buffer for 2 x 15 minutes at room temperature before equilibrating with 
autoclaved sterile alkaline phosphatase buffer (100mM NaCl, 5mM MgCl2, 100mM Tris.Cl 
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[pH 9.5]) for 5 minutes at room temperature. Detection of the RNA bound probe was 
performed using NBT/BCIP colorimetric technique as for Western blot analysis. 
 
2.4 Histological methods 
 
2.4.1 Tissue embedding for transmission Electron Microscopy (TEM) 
                                   
Leaf, root and flower samples were cut to 1 mm
3
 and fixed for 4 h at 4°C with 4% (w/v) 
paraformaldehyde and 0.2% (w/v) glutaraldehyde in 0.1 M cacodylate buffer, pH 7.2. Samples 
were dehydrated by washing in a graded ethanol series (25%, 50%, 75%, 90% and 100%). LR 
white (medium) resin (TAAB laboratories) was chosen as the embedding material. The 
dehydrated tissue was gradually infiltrated by step-wise increases in resin concentration: 1:1 
resin to ethanol, 3:1 resin to ethanol and then embedded in 100% for 24 hours before being 
transferred to gelatine capsules and polymerized overnight at 55
o
C. 
 
2.4.2 Sectioning, staining and immmunogold-labelling 
 
Using a razor blade, the cap of the gelatine capsule was removed and the resin was chipped 
away to produce a raised trapezium shape around the embedded tissue. 
Ultrathin sections (80 nm) were obtained using a Reichert–Jung ultramicrotome and then 
transferred on to either pyroxilin-coated gold grids for electron microscopy or dried onto glass 
slides for light microscopy. Blocking of non-specific binding sites was carried out by 
incubation of sections for 15 minutes in a blocking solution containing 5% (w/v) BSA in PBS. 
Blocking was followed by incubation at room temperature for 2.5 hours with the Clo3N B 
antibody against Clo 3 N-terminal, diluted 1:20 in blocking solution. After washing 4 times for 
5 minutes with PBS, the grids were treated for 2 hours with a goat anti-(rabbit IgG) secondary 
antibody coupled to 20 nm gold particles (BBInternational), diluted 1:30 in PBS. Finally, they 
were washed 5 times in PBS, rinsed in double-distilled water, and then stained for 10 minutes 
with 5% (w/v) uranyl acetate and washed 5 times for 1 minute. Observations were carried out 
using a Zeiss EM10C transmission electron microscope. Treatment of control sections was the 
same, except that incubation with the primary antibody was omitted. 
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2.4.3 Immunolocalization of AtClo-3 by immunofluorescence microscopy 
 
Leaf, root and flower samples were cut, fixed and dehydrated as for TEM above. Microtome 
sections of 12 µm thicknesses were cut and mounted on glass slides. For immunolocalization 
sections were incubated in rinse buffer containing (1x PBS, 0.05% [v/v] Tween 20) for 15 
minutes and blocked in blocking buffer containing 1% (w/v) BSA for 1 hour. The slides were 
placed in a humidified chamber and sections covered in antibody against Clo 3 N-terminal, 
diluted 1:50 in blocking buffer and incubated overnight at 4
o
C. Following 4 x 5 minute washes 
in rinse buffer, the sections were incubated with goat anti-(rabbit IgG) Cy3-conjugated 
secondary antibody (Sigma), diluted 1:500 in blocking solution for 2 hours in the dark. After 
washing in rinse buffer (1x PBS, 0.05% [v/v] Tween 20), 5 times for 1 minute, sections were 
mounted in CITIFLUOR/glycerol/PBS antifading solution (Sigma) and observed under a 
Nikon Eclipse E600 fluorescence microscope. Treatment of control sections was the same, 
except that incubation with the primary antibody was omitted. 
 
2.5 Bioinformatics methodology 
 
2.5.1 Chromosome localisation of Arabidopsis caleosin genes 
 
Each Arabidopsis caleosin gene AGI number was submitted to the TAIR SeqViewer available 
online at http://www.arabidopsis.org/servlets/sv?action=closeup. The position of each gene 
was subsequently displayed on a map of the Arabidopsis chromosomes which was used to 
construct scale schematic of the chromosome localisation of each Arabidopsis caleosin gene. 
 
2.5.2 Nucleotide sequence of Arabidopsis Clo-3 
 
The SeqViewer Nucleotide View of the gene At2g33380.1 was utilised to determine the 
complete nucleotide sequence including each exon/intron and untranslated regions (UTR) of 
the AtClo-3 gene. This was available was from the Arabidopsis Information Resource (TAIR) 
SeqViewer Whole Genome View home page: 
http://www.arabidopsis.org/servlets/sv?action=closeup 
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2.5.3 Genomic organisation of the Arabidopsis caleosin gene family 
 
The genomic organisation of each Arabidopsis caleosin family member was determined 
through submission of each gene locus to the Arabidopsis Information Resource (TAIR) 
SeqViewer Whole Genome View home page: 
http://www.arabidopsis.org/servlets/sv?action=closeup 
 
2.5.4 Arabidopsis caleosin promoter motifs 
 
The type and the number of cis-acting element motifs repeated within the promoter region of 
each Arabidopsis caleosin was determined by the submission of each Arabidopsis gene locus to 
the Arabidopsis thaliana expression network analysis (Athena) website. 
www.bioinformatics2.wsu.edu/Athena/ 
 
2.5.5 Microarray derived expression profiles of Arabidopsis caleosins 
 
The Arabidopsis electronic fluorescent pictographic (eFP) browser was utilised to determine 
the presence of Arabidopsis caleosins in different plant tissue of Arabidopsis. The eFP was 
available via http://bbc.botany.utoronto.ca/efp/cgi-bin/efpWeb.cgi. The data presented via this 
website is based on the map of Arabidopsis Development (Schmid et al., 2005 ). 
The data source selected was ‘developmental map’ while the mode of signal intensity was set 
to ‘absolute’. Each Arabidopsis AGI ID was submitted to the browser and the spatial profile of 
caleosins was depicted through differences in colour intensity of the plant tissue represented.  
 
2.5.6 Derivation of the Arabidopsis Clo-3 amino acid sequence from the corresponding 
Arabidopsis Clo-3 open reading frame 
 
In order to translate the entire AtClo-3 open reading frame (ORF) into the corresponding 
amino acid sequence, the complete ORF of AtClo-3 was copied and pasted into the ‘Translate 
tool’ available online via the Expert Protein Analysis System (ExPASy) Proteomics tools 
website: http://www.expasy.ch/tools/ 
This program established each amino acid residue to its corresponding nucleotide codon. 
 
 
 
 102 
2.5.7 Protein domains of selected caleosins 
 
Each amino acid sequence of the selected caleosins was analysed by eye against known 
caleosin motiffs to determine the position of each domain. This was subsequently represented 
diagrammatically in figure 3.7.  
 
2.5.8 Hydrophobicity plot of Arabidopsis Clo-3 
 
The entire AtClo-3 amino acid sequence was submitted to the online program ‘Pepwindow’ 
which subsequently determined a Kyte-Doolittle hydropathy plot of the entire polypeptide 
sequence (figure 3.8 A). The Pepwindow online program address used in this study was: 
http://www.ebi.ac.uk/Tools/emboss/pepinfo/ 
 
2.5.9 Secondary structure predictions of Arabidopsis Clo-1 and Clo-3 
 
The amino acid sequences of both AtClo-1 and AtClo-3 were submitted to the PredictProtein 
program online at http://www.predictprotein.org/. The program subsequently provided a 
complete secondary structure analysis based upon the different characteristics of and the 
differences in the consecutive order of amino acids residues that constituted the protein. The 
program consequently provided the probability of helix, extended sheet or loops. This 
information together with proteinase K digestion data was subsequently utilised to derive a 
schematic diagram of the putative secondary structure of AtClo-3 (figure 3.9B). 
 
2.5.10 The alignment of various caleosin amino acid sequences 
 
The complete amino acid sequences of a selection of caleosins from various species of plants, 
algae and fungi were submitted to ClustalW via the website 
http://www.ebi.ac.uk/Tools/clustalw/index.html. ClustalW is a general purpose multiple 
sequence alignment program for DNA or proteins. It produces biologically meaningful 
multiple sequence alignments of divergent sequences. It calculates the best match for the 
selected sequences, and lines them up so that the identities, similarities and differences can be 
seen. The program was run using the default parameters i.e. matrix, default; gap open, default 
and a full as opposed to a fast alignment was performed. The aligned sequences were 
subsequently copied and pasted into ‘Multiple align show’ program available online at: 
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http://www.bioinformatics.org/SMS/multi_align.html. This program highlighted amino acids 
that were identical, similar or unrelated using different colours or shades of grey. 
 
2.5.11 Assessing the nucleotide sequence homology of Arabidopsis Clo-3 full-length cDNA  
 
To assess whether the AtClo-3 full length cDNA nucleotide sequence if used as a probe during 
Northern blot analysis could cross-hybridize with non-target sequences, the AtClo-3 full length 
cDNA sequence was subject to alignment with potential sequences of high homology using 
WU-BLAST2. (see section 3.2.6). The entire full length AtClo-3 cDNA sequence was pasted 
into the online WU-BLAST2 alignment program which was accessed via 
http://www.arabidopsis.org/wublast/index2.jsp. The nucleotide blast program ‘BLAST TN: NT 
query to db’ and the default TAIR8 transcript (-introns, +UTR) (DNA) database was utilised. 
 
2.5.12 Phylogenetic analyses of caleosins 
 
The complete amino acid sequences of a selection of caleosins from various species of plants, 
algae and fungi were submitted to ClustalW via the website 
http://www.ebi.ac.uk/Tools/clustalw/index.html (see section 2.6.10 for full details). The 
program was run using the default parameters i.e. matrix, default; gap open, default and a full 
as opposed to a fast alignment was performed. The ‘guide tree file’ was subsequently 
transferred to a phylogenetic tree drawing program (phylodraw) which utilised the information 
contained within this file to construct Phylograms. The phylograms provided a visual 
representation of the evolutionary relationships between various caleosin proteins. Bootstrap 
values from 100 replicates were calculated by the phylogram program.  
 
2.5.13 Hydropathy plots of caleosins 
 
The complete amino acid sequences of selected caleosins were submitted to the online program 
‘Phobius’, which may be found at: http://phobius.sbc.su.se/. The program provided a graphical 
representation of the size, number and position of putative transmembrane domains which was 
utilised to construct a schematic representation of the hydrophobic domains of those selected 
caleosins (figure 3.11). 
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2.6 Determining densitometer values of Northern and Western blots 
 
The Doc-It®LS Image Analysis Software (UVP) was utilised for all densitometer readings 
following the manufactures instructions. Briefly, the image of the blot in question was loaded 
and viewed with the BioDoc-It™ Imaging System (UVP). To determine the absolute 
densitometer value of a band of a blot, the band in question was manually enclosed within a 
box before that selected areas densitometer value was deducted from the surrounding 
background value. 
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Chapter 3 Bioinformatics 
 
3.1 Introduction 
 
The in silico analysis of Arabidopsis caleosin and caleosin-like proteins at the gene and 
protein level will be described here. The comparison of promoter sequences from the 7 
Arabidopsis caleosin genes allows the identification of motifs putatively directing tissue-
specific expression, and also provides gene function data as a prerequisite to laboratory 
experiments. Furthermore, the use of EST and antibody data provides preliminary 
Arabidopsis Clo family expression data and dissecting caleosin primary structure highlights 
the highly conserved structural features of all caleosins and indeed caleosin-like proteins. 
Finally, analysis of caleosin secondary structure utilising advances in prediction programs 
allows for an updated AtClo-3 model. 
 
3.2 Results and discussion 
 
3.2.1 Nucleotide sequence characteristics of Arabidopsis AtClo-3 
 
The nucleotide sequence and the proposed amino acid translation of the complete AtClo-3 
gene is shown in figure 3.1. The translational start site is given at position +1 in figure 3.1. 
The genomic sequence includes 1128 bp of promoter sequence (AT-rich) upstream of the 
putative start codon and six open reading frames (ORFs) which are putative exons, totalling 
711 bp, interrupted by 5 introns. Indeed, this is the consensus for each of the seven 
Arabidopsis caleosin genes and highlights the increased complexity of caleosins as opposed 
to Arabidopsis oleosins which posses only 2 ORFs separated by one intron. In figure 3.1, 
non-coding sequence is given as unhighlighted nucleotides, and the exons are highlighted in 
orange whereas the untranslated regions (UTR) in blue. The putative TATA box 
(..TTATAAA..) is underlined and in bold beginning at position -126, which is 126 bp 
upstream from the proposed ATG initiator codon (indicated in bold). The putative TATA box 
has 56% homology with the proposed plant consensus sequence TCACTATATATAG 
(Joshi, 1987). The sequence surrounding the initiating Met codon matches well with the 
consensus proposed by Heidecker and Messing (1986) for plant mRNA translation initiation 
(ANNATGGCG/T), which supports its assumed function. The first exon comprises 103 bp, 
followed by a large intron (274 bp) and a second exon of 150 bp. Smaller introns (83 and 96 
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bp respectively) separate the third and fourth exons of 86 and 95 bp respectively while 
similar sized introns (92 and 135 bp) separate the penultimate and the last coding regions of 
105 and 151 bps. The ochre codon position 1388 (in bold) is followed by an AT-rich 
sequence, with a putative polyadenylation signal (..AATAAA..) indicated (underlined and in 
bold) at position 1414. This exactly matches the plant consensus polyadenylation signal 
(AATAAA) identified by Heidecker and Messing (1986). 
 
All of the sequences encoding the introns begin GT… and end …AG and therefore consistent 
with the GT/AG splicing rule and in addition are AT rich, 73.8% AT, compared with 56.5% 
AT, for the exon sequences. These two properties are characteristic of sequences encoding 
plant introns (Goodall and Filipowicz 1989; Luerhsen et al., 1994). It should also be noted 
that no sequence homology or tandem repeats exist between any of the introns of the 
Arabidopsis caleosin gene family. 
 
3.2.2 Genomic organisation of Arabidopsis caleosin gene family 
 
In Arabidopsis, caleosin genes are found on all but one of its chromosomes (see figure 3.2). 
Clo 4, 5 are located adjacent to each other on chromosome 1 and represent the complex 
arrangement of caleosin genes. Phylogenetic analysis (see figure 3.13) shows that these 
caleosin groups when compared to each other are relatively unrelated whereas comparison of 
the protein pairs within each group show striking similarity. Moreover, the AtClo-7 gene 
(At1g23240) lies in tandem to what was originally designated Clo-9 (At1g23250) on 
chromosome 1. This gene (Clo-9) lacks an EF-hand motif and as such has now been removed 
from the Clo gene family. However, relatively high homology exists between the gene 
product of AtClo-7 (At1g23240) starting downstream from the end of the EF-hand motif, and 
at the position in the N-terminal region where the EF-hand motif should start for At1g23250. 
This suggests the possibility of gene duplication and subsequent alternative splicing of the 
At1g23250 EF-hand motif to AtClo-7. An alternative possibility might be, that subsequent to 
the gene duplication event, a partial At1g23250 gene fragment (an intron) was spliced off the 
N-terminal region of pre-mRNA AtClo-7 leaving the remaining AtClo-7 transcript with an 
EF-hand motif which subsequently translates into the gene product (see figure 3.3).  
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Figure 3.3. A schematic illustrating the Arabidopsis Clo-7 gene duplication/splicing event.
Subsequent to a possibe gene duplication event, the partial At1g23250 gene fragment could be 
spliced off the N-terminal region of pre-mRNA AtClo-7 (At1g23240) leaving the remaining 
AtClo-7 transcript with an EF-hand motif which subsequently translates into the gene product.
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3.2.3 Promoter motifs 
 
A comparison of the upstream regions of Arabidopsis Clo genes in table 3.1 shows an array 
of putative promoter binding sites for each gene. 
 
It is observed that AtClo-3 possesses the greatest variety and repeat number of cis-acting 
elements, whereas that for both AtClo-4 and AtClo-7 is modest and Clo-1 the least. 
Assuming gene product function is correlated with diversity and replication of promoter 
binding sites, AtClo-3 might be expected to respond maximally to stress. Indeed, the majority 
of promoter motifs (cis-acting elements) normally associated with abiotic stress (DREB1A, 
DRE core, ABRE, ABRE-like, LTRE, AtMYB1AT), specifically dehydration and cold gene 
induction and responsiveness, have been identified in the AtClo-3 promoter region which 
occurs upstream from the TATA box. One such binding site present within the AtClo-3 
promoter (AtMYC2B) is an important cis-element for the binding to MYC2B transcription 
factor in the dehydration responsive gene RD22. Furthermore, the AtClo-3 promoter region 
possesses a relatively high number of MYB1AT binding motifs which are also present in the 
RD22 promoter. ABA is an important upstream regulator of several promoter transcription 
factors described above and as such is expected to play a role in the ABA-mediated stress 
response of AtClo-3.  
 
Clo-1 possesses a total of four predicted cis-acting elements, one of which is also associated 
with the dehydration response (DRE core motif), however, one motif, the auxin responsive 
factor binding site is unique to just three Clo genes (Clo-1, AtClo-5 and AtClo-7). This is 
intriguing as auxin plays a role in the inhibition of seed germination, apical dominance and 
flowering and as such correlates well with the seed specific, mixed tissue and flower/pollen 
localisation of Clo-1, AtClo-5 and AtClo-7 respectively.  
 
Apart from the abiotic stress-related cis-elements, AtClo-3, in addition to Clo-2 and AtClo-5, 
possesses W-box promoter motifs. W-box like promoter sequences reminiscent of activation 
sequence 1 (as-1) TGACG are found in the promoter region of Arabidopsis non-expressor of 
PR-1 (NPR-1) which functions in the activation of salicylic acid (SA)-mediated gene 
induction during biotrophic pathogenic challenges (Durrant and Dong, 2004). Moreover, 
gene expression is also regulated via the binding of a diverse set of WRKY DNA binding 
proteins many of which are influenced by SA mediated signalling and the systemic acquired 
Table 3.1. A comparison of promoter motifs for the Arabidopsis Clo gene family
Occurrences of each motif is represented by a number in each cell.
11SV40core 
promoter
1LTRE promoter 
motif
12BOX II 
promoter motif
1ACGTABRE 
motif A20SEM
111ARF  binding 
site motif
211T-box promoter
21Ibox promoter
12ABRE-like 
motif
211W-box 
promoter motif
214311TATA box 
motif
3111CARGCW8GA
T
1ABRE
Clo-7Clo-6Clo-5Clo-4Clo-3Clo-2Clo-1
Promoter 
motifs
2113GAREAT
1211DRE core motif
1DREB1A/CBF3
132AtMYC2B in 
RD22
111MYB binding 
site promoter
1MYB4 binding 
site motif
233243MYB1AT
RD22
Caleosin isoforms
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response (SAR) to biotrophic specific biotic stress. It is interesting to observe that AtClo-5 
contains two W-box motifs and as such might be responsive or induced (maybe more so than 
AtClo-3) by biotic stress. However, a minimum of one W-box is required for binding to 
WRKY proteins implying the potential for biotic stress mediated AtClo-3 regulation. 
 
Promoter analysis alone suggests AtClo-3 to be potentially response to abiotic and biotic 
stress. This investigation has confirmed this to be true. 
 
3.2.4 Gene expression patterns  
 
Figure 3.4 shows the complex expression patterns of the seven reported Arabidopsis thaliana 
genes as derived differentially from EST data (White et al., 2000), antibody data derived 
from Hernandez-Pinzon et al, (2001) and this study. Contemporary microarray data is 
sourced from Schmid et al., 2005. Clo-1 and 2 are present only in developing seeds and are 
probably the lipid-body isoforms. AtClo-4 and 5 are found in many tissues except the root 
and pollen coat and may alter its conformation to accommodate different membrane 
assemblies. AtClo-7 is found in flower and the pollen-coat. This data also demonstrates the 
highly diverse spatial profile characteristics of AtClo-3. It is present in all tissues apart from 
seed or pollen and together with the highly diverse promoter motifs suggests a fundamentally 
important Clo isoform.  
 
3.2.5 Analysis of the derived amino acid sequence 
 
The genomic sequence of AtClo-3, and indeed all other Arabidopsis caleosins, predicts a 
peptide with seven distinct structural domains (figure 3.7) encoded by 6 open reading frames. 
Figure 3.5 shows that exons 2 and 3 encode for the first and second half of the EF-hand Ca
2+
 
motif respectively while exon 3 also encodes for the amphipathic helix and the initial proline 
of the proline knot. Exon 4 encodes for the three remaining invariable residues of the proline 
knot (2x proline and 1x serine), the two histidine residues required for putative peroxygenase 
activity and the tyrosine kinase domain. In this case, the intron is positioned between the two 
exons encoding part of the hydrophobic domain and the first half of the C-terminal region. 
The intron, therefore, appears to separate two distinct structural features.  Exons 5 and 6 
encode for the two casein kinase 2 and one casein kinase 2 domains respectively. 
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Figure 3.5. Complete open reading frame (ORF) divided into six exons with 
corresponding amino acid sequence of Arabidopsis AtClo-3
The following conserved motifs have been highlighted below the relevant 
sequences. ____, calcium-binding motif; α, the amphipathic helix; P, proline 
knot; T, tyrosine kinase binding site; C, casein kinase sites; H, histidine residues 
within the haem required for peroxygenase activity. Hydrophobic amino acids 
associated with the transmembrane region are highlighted in red.
gatttcgtgaccttggtttcaacccaatttcctctatcttttggaccttactcataaactta
G  F  R  D  L  G  F  N  P  I  S  S  I  F  W  T  L  L  I  N  L
             α α α α α α α α α α α α α α α α α α α
 
gcgttcagctacgttacacttccg 
 A  F  S  Y  V  T  L  P  
 α α 
atggcaggagaggcagaggctttggccacgacggcaccgttagctccggtcaccagtcag 
 M  A  G  E  A  E  A  L  A  T  T  A  P  L  A  P  V  T  S  Q  
 
cgaaaagtacggaacgatttggaggaaacattaccaaaaccat 
 R  K  V  R  N  D  L  E  E  T  L  P  K  P     
acatggcaagagcattagcagctccagatacagagcatccgaatggaacagaaggtcacgat
Y  M  A  R  A  L  A  A  P  D  T  E  H  P  N  G  T  E  G  H  D 
 
agcaaaggaatgagtgttatgcaacaacatgttgctttcttcgaccaaaacgacgatgga 
 S  K  G  M  S  V  M  Q  Q  H  V  A  F  F  D  Q  N  D  D  G  
 
atcgtctatccttgggagacttataagg 
 I  V  Y  P  W  E  T  Y  K     
agttgggtgccatcaccattattgccggtttatatcgacaacatacacaaagccaagcat 
 S  W  V  P  S  P  L  L  P  V  Y  I  D  N  I  H  K  A  K  H  
            TTTTT 
gggagtgattcgagcacctatgacaccgaaggaag 
 G  S  D  S  S  T  Y  D  T  E  G  R   
TTTTTTTTTTTTTTTTTT 
gtatgtcccagttaacctcgagaacatatttagcaaatacgcgctaacggttaaagataag
  Y  V  P  V  N  L  E  N  I  F  S  K  Y  A  L  T  V  K  D  K 
          CCCCCCCCCC 
ttatcatttaaagaggtttggaatgtaaccgagggaaatcgaatggcaatcgatcctttt 
 L  S  F  K  E  V  W  N  V  T  E  G  N  R  M  A  I  D  P  F  
    CCCCCCCCCC 
ggatg 
 G  W  
gctttcaaacaaagttgaatggatactactctatattcttgctaaggacgaagatggtttc
  L  S  N  K  V  E  W  I  L  L  Y  I  L  A  K  D  E  D  G  F 
 
ctatctaaagaagctgtgagaggttgctttgatggaagtttatttgaacaaattgccaaa 
 L  S  K  E  A  V  R  G  C  F  D  G  S  L  F  E  Q  I  A  K  
          CCCCCCCCCC 
gagagggccaattctcgcaaacaagactaa 
 E  R  A  N  S  R  K  Q  D  -   
Exon 1
Exon 2
Exon 3
Exon 4
Exon 5
Exon 6
 109
 Figure 3.6 shows the sequence alignment comparing amino acid sequences of all 
Arabidopsis caleosins and a few representative members of caleosin-like proteins from 
diverse species as derived from the genomic sequence including Brassica napus and Brassica 
juncea, monocotyledons (rice), gymnosperms (spruce) and a selection of fungi and the only 
algae. The sequences are aligned according to the three structural domains (hydrophilic N-
terminal, central hydrophobic, and hydrophilic C-terminal domains) of caleosin and show the 
six repetitive motifs. As previously discussed, all Arabidopsis caleosins are encoded by 6 
ORFs. After transcription, splicing occurs where the introns are removed and exons are 
joined to produce a single peptide. The 28 residue Ca
2+
 binding domain of the derived amino 
acid sequence shows considerable homology in many species including monocots, dicots, 
gymnosperms in addition to algae and fungi. This sequence alignment also reveals the high 
level of sequence conservation in the 17 amino acids surrounding the proline knot. This 
consensus sequence is shared between caleosins and oleosins and forms a proline-mediated 
loop structure necessary for the targeting of the proteins to lipid (Tzen et al., 1992). 
However, unlike oleosin, a relatively low sequence homology is observed outside of this 
sequence but within the central hydrophobic domain, possibly as a consequence of its shorter 
length. A significant homology is also observed in the tyrosine kinase domain across all 
species.  
 
With regard to gene sequence homology between Arabidopsis and Brassica napus caleosins, 
it is interesting to note, that the lowest sequence identity is in the intron. Presumably this is 
because the evolutionary pressure for sequence conservation within an intron is less than 
within exons. 
 
A general feature of the oleosins is that a highly conserved leucine, isoleucine or valine 
residue occur approximately every seven amino acids. Interestingly, this repetitiveness also 
occurs within the hydrophobic domains of Arabidopsis caleosins. These are indicated by an 
asterisk above the hydrophobic domain in figure 3.5. These branched chain amino acids are 
well-known for their roles in dimerisation. Experimental data using denaturing SDS-PAGE 
demonstrates both oleosin and Clo-1 dimerise (Li et al., 2002, Hanano et al., 2006) both of 
which are seed-specific, however, although AtClo-3 contains an identical amino acid 
repetitiveness, this investigations SDS-PAGE and subsequent Western blot data shows no 
evidence of the membrane-bound AtClo-3 dimerisation, although a native gel should be 
Figure 3.6. Alignment of amino acid sequences of plant and fungal caleosins 
and caleosin-like genes, created using ClustalW
Graphic output was generated using Multiple Align Show online program 
www.bioinformatics.org/SMS/multi_align.html (2008).
Amino acids enclosed in black boxes or grey boxes represent 100% similarity or 
80% similarity, respectively. The N-terminal domain, central domain and C-
terminal domain is highlighted within transparent red, green or blue boxes 
respectively. Several important motiffs are highlighted by a coloured rectangle 
above the top sequence of each aligned block of amino acids. The light green 
rectangle represents the calcium binding EF-hand domain, the yellow represents 
the amphipathic α-helix, the blue represents the 17 amino acid resisdues of the 
proline knot. Each of the three casein kinase 2 domains are represented by a pink 
rectangle. An orange bracket surrounds the amino acids of the tyrosine kinase
domain. 
Accession numbers of each species: Arabidopsis Clo-1, GI17380858; Arabidopsis
Clo-2, GI:15240486; Arabidopsis Clo-3, GI15226103; Arabidopsis Clo-4, 
GI21593851; Arabidopsis Clo-5, GI18409651; Arabidopsis Clo-6, GI30692194; 
Arabidopsis Clo-7, GI15220687; Brassica napus, ACG69529; Glycine max, 
AAB71227; Sesamun indicum, AAF13743; Hordeum vulgare, AAQ74237; Orzae
sativa, CAE03380; Picea sitchensis1, ABK26053; Physcomitrella1, XP1765592; 
Penicillium chrysogenum, CAP78963; Neurospora crassa, XP958990; 
Magnaporthe grisea, XP365887, Aspergillus nidulans, XP681860. 
                                                      
CLO-4 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 0 
CLO-5 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 0 
CLO-7 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 0 
CLO-1 - - - - - - - - - - - - - - - - - - - - - - - - m g s k t e m m e r d a m a t v a p y a p v t y h r r - 27 
BRASSICA NAPUS - - - - - - - - - - - - - - - - - - - - - - - - m s t a t e i m e r d a m a a v a p y a p v t f h r r - 27 
CLO-2 - - - - - - - - - - - - - - - - - - - - - - - - - m t s m e r m e r d a m e t v a p y a r v t y h r r - 26 
CLO-6 - - - - - - - - - - - - - - - - - - - - - - - - - - m s t d h a r a d s i a t v a e k a p v t a e r r - 25 
GLYCINE MAX - - - - - - - - - - - - - - - - - - - - - - - - - - m a a e m e r - e s l i t e a p n a p v t a q r r - 24 
SESAMUM INDICIUM - - - - - - - - - - - - - - - - - - - - - m a t h v l a a a a e r n a a l a p d a p l a p v t m e r p - 30 
CLO-3 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - m a g e a e a l a t t a p l a p v t s q r k - 22 
HORDEUM VULGARE 1 - g k g d h d t a g g a n r a d g h g d a g g r v g d s r g v d g k d s l k m v a l q a p v t v e r p - 85 
ORYZA SATIVA 1 - - - - - - - - - - - - - - - - - - - - - - - - - - - v s g v e a k d s l t i v a l q s p v t v e r p - 27 
PICEA SITCHENSIS 1 - - - - - - - - - - - - - - - - - - - - - - - - - - - - m e q p s a e s m q t v a a k a p v t s r r k - 23 
PHYSCOMITRELLA1 - - - - - - - - - - - - - - - - - - - m a a a a a e t a e t a e g n e a l q t v a p k a p v t y e r - - 31 
PENICILLIUM CHRYSOGENUM - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - t v i i a e k s g i t s k r l - 15 
ASPERGILLUS NIDULANS - n s s s s s q p t k e e t d k d t e k n i k e r n k q e q e k d t t t i p i v s k h c a v t s k r l - 150 
NEUROSPORA CRASSA - - - - - - - m p v r v v p - - - - - - - - r e d e q v d d e r q g v d f a t a v s n c p p t a e r p - 36 
1-MAGNAPORTHE GRISEA - - - - - - - - - - - - - - - - - - - - - - - - m g m g d s d t a n g t v r t s v p g v p v t i e r k - 27 
USTILAGO MAYDIS - - - - - - - - - - - - - - - - - - - - - - - - - - m f v n g g g k g e i p r k v d i d p y f d n t k - 25 
I                                                      
CLO-4 - - - - - - - - - - - - - - - - - m a s s i s t g - v k f v p e - - - - - - - - - - - e d n f l q r h - 22 
CLO-5 - - - - - - - - - - - - - - - - - m a s s i s a a e v k v v p e - - - - - - - - - - - e y n f l q k h - 23 
CLO-7 - - - - - - - - - - - - - - - - - m t a - - - - - - - - - - - - - - - - - - - - - - - - - - - l e k h - 7 
CLO-1 - - - - a r v d l d d r l p k p y m p r a l q a p d r e h p y g - - - - t p g h k n y g l s v l q q h - 70 
BRASSICA NAPUS - - - - a r v d m d d r l p k p y m p r a l q a p d r e h p y g - - - - t p g h k n y g l s v l q q h - 70 
CLO-2 - - - - v r g d l d d t l p k p y l p r a l q a p d m e h p q g - - - - t p d h r h n g l s v l q q h - 69 
CLO-6 - - - - v r t d l d d r l p k p y v p r a m v a p d m e n v n g - - - - t r g h k h r d m s v l q q h - 68 
GLYCINE MAX - - - - v r n d l e n s l p k p y l p r a l k a p d t g h p n g - - - - t a g h r h h n l s v l q q h - 67 
SESAMUM INDICIUM - - - - v r t d l e t s i p k p y m a r g l v a p d m d h p n g - - - - t p g h v h d n l s v l q q h - 73 
CLO-3 - - - - v r n d l e e t l p k p y m a r a l a a p d t e h p n g - - - - t e g h d s k g m s v m q q h - 65 
HORDEUM VULGARE 1 - - - - v r g d l e e h v p k p y l a r a l a a p d m y h p e g t t - - t d d h q h h n m s v l q q h - 130 
ORYZA SATIVA 1 - - - - v r g d l e e h v p k p y l a r a l a a p d i y h p d g t t - - t d d h e h h h l s v l q q h - 72 
PICEA SITCHENSIS 1 - - - - l n t d l d e q m p k p y l a r a l v a v d p e c l n g - - - - s k g h h h n n m s v l q q h - 66 
PHYSCOMITRELLA1 - - - - v v s t q n l r f p k p h v p r a l e a v d d d h p h g - - - - t p g y k n n g y s v l q q h - 74 
PENICILLIUM CHRYSOGENUM - - - - p a v s l a d a i e n p g v a r a n a a v s v e k p e g d l e - - w a r k c d g y s p l q q h - 60 
ASPERGILLUS NIDULANS - - - - p a t n v s - - i e k s g v a r c n v v d g a t s d t s - - - - - - i k d f h e y t p m q q h - 189 
NEUROSPORA CRASSA - - - - q a i d i d v d i y k p s i a r a n v a p s t e q p e g s a e y v d a l d l k d y t v l q q h - 83 
1-MAGNAPORTHE GRISEA - p f v q d e h e d q r l p n a g t a r v n t a a s y e h p n g t t e d g y a r r h s h q t v l q q h - 77 
USTILAGO MAYDIS - l v f g e a g t k v p y t p q n t w k d p n g d r k d y l d r - - - - - - - - - t k g l t t m q k h - 66 
I                                                      
CLO-4 - v a f f d r n k d g i v y p s e t f q g f r a i g c g y l l s a v a s v f i n i g l s s k t r p - - - 70 
CLO-5 - v a f f d r n k d g i v y p s e t f q g f r a i g c g y l l s t f a a v f i n i s l s s k t r p - - - 71 
CLO-7 - v s f f d r n k d g t v y p w e t y q g f r a l g t g r l l a a f v a i f i n m g l s k k t r p - - - 55 
CLO-1 - v s f f d i d d n g i i y p w e t y s g l r m l g f n i i g s l i i a a v i n l t l s y a t l p - - - 118 
BRASSICA NAPUS - v a f f d l d d n g i i y p w e t y s g l r m l g f n i i v s l i a a a v i n l a l s y a t l p - - - 118 
CLO-2 - v a f f d l d n n g i i y p f e t f s g f r l l g f n l l a s l i l a a g i n i a l s y a t l p - - - 117 
CLO-6 - i a f f d q d g d g i i y p s e t f r g f r a l g f n l v s s i f l t i i g h l t m s y a t l p - - - 116 
             GLYCINE MAX - c a f f d q d d n g i i y p w e t y m g l r s i g f n v v a s v i m a i v i n v g l s y p t l p - - - 115 
SESAMUM INDICIUM - c a f f d q d d n g i i y p w e t y s g l r q i g f n v i a s l i m a i v i n v a l s y p t l p - - - 121 
CLO-3 - v a f f d q n d d g i v y p w e t y k g f r d l g f n p i s s i f w t l l i n l a f s y v t l p - - - 113 
HORDEUM VULGARE 1 - v a f f d r d n n g i i y p w e t y d g c r a v g f n v f m s a f i a f l v n l v m s y p t l p - - - 178 
ORYZA SATIVA 1 - v a f f d r d d n g i i y p w e t y e g c r a l g f n m i m s f l i a l v v n v s m s y p t l p - - - 120 
PICEA SITCHENSIS 1 - v a f f d r n k d g i i y p w e t y q g f r a i g f n i p i s l v a g l l i n l t l s y p t s s - - - 114 
PHYSCOMITRELLA1 - i a f f d r n k d g i i y p w e t f a g f r a i g f n f l i s f l g m v i i n g v f s y a t l e - - - 122 
PENICILLIUM CHRYSOGENUM - i l f w d r d r d g m i f p w d t y n g f r e l g f n v i f s i i a t f i i n v n f s y p t h m a y - 110 
ASPERGILLUS NIDULANS - i l f w d r d r d g q i y p y d t y r g f r d l g f n i l f s f l a v l i i n l n f s y p t r l a h - 239 
NEUROSPORA CRASSA - c m f w d r d r d g v i w p q d t f i g f y e l g f n l f f c f l a t l v i n l n f s y p t r l g v - 133 
1-MAGNAPORTHE GRISEA - c d f f d r d q d g v i w p q d t f v g f y r l g f g v i l s l i s v f i i h g n f s y p t s p - - - 125 
USTILAGO MAYDIS - v a f f d g d c d g v i w p t d t f f a f l s l g f g f l l s a m a v a i i h g p f s y p t l p r k - 116 
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I                                                      
AtCLO-4 - - - - - - g k g f s i w f p i e v k n i h l a k h g s d s c v y d k d g r f v a s k f e e i f t k h - 115 
AtCLO-5 - - - - - - g k g f s f s f p i e v k n v r l g i h s s d s g v y d k d g r f v a s k f e e i f a k h - 116 
AtCLO-7 - - - - - - g k g f s p l f p i d v k n s h l c m h g s d t d v y d d d g r f v e s k f e e i f n k h - 100 
AtCLO-1 - - - - - - g w l p s p f f p i y i h n i h k s k h g s d s k t h d n e g r f m p v n l e l i f s k y - 163 
BRASSICA NAPUS - - - - - - g w f p s p f f p i y i h n i h k s k h g s d s r t y d n e g r f m p v n l e l i f s k y - 163 
AtCLO-2 - - - - - - g w l p s p f f p i y i h n i h k a k h g s d s k t y d n e g r y t p a n l e l m f s k y - 162 
AtCLO-6 - - - - - - t w m p s p t f p i y i k n i h r a k h g s d t s t y d t e g r y i p a n l e n m f s k y - 161 
GLYCINE MAX - - - - - - n w f p s l l f p i y i h n i h k a k h g s d s g v y d t e g r y v p a n i e n i f s k y - 160 
SESAMUM INDICIUM - - - - - - g w i p s p f f p i y l y n i h k a k h g s d s g t y d t e g r y l p m n f e n l f s k h - 166 
AtCLO-3 - - - - - - s w v p s p l l p v y i d n i h k a k h g s d s s t y d t e g r y v p v n l e n i f s k y - 158 
HORDEUM VULGARE 1 - - - - - - g w l p n p l f p i y v h n i h k s k h g s d s g t y d k e g r f m p v n f e n i f s k y - 223 
ORYZA SATIVA 1 - - - - - - g w l p s p f f p i y i h n i h r s k h g s d s g t y d n e g r f m p v n f e n i f s k y - 165 
PICEA SITCHENSIS 1 - - - - - - s w i p s l l l p i h i d n i h k g k h g s d s e v y d t e g r f v p a k f d a i f s k y - 159 
PHYSCOMITRELLA1 - - - - - - s w i p s l l f p i y i k n i h k a k h g s d s e v y d t e g r f v p e k f e e l f s k f - 167 
PENICILLIUM CHRYSOGENUM - - - - - - s w f p d p w f r v h i t s i h k a k h g s d s g i y d p e g r f i p q l f e d l f s k w - 155 
ASPERGILLUS NIDULANS - - - - - - s f l p d p r f r v y v d s i y k a k h g s d s g s f d a e g r f i p q h f e d m f a k y - 284 
NEUROSPORA CRASSA - - - - - - s y i p d p y f r l y l p s m h k a k h g s d s g t y d k e g r f v p q a f e d m f s k w - 178 
1-MAGNAPORTHE GRISEA - - - - - - s w i p d a f f r i h l d r i h k d k h g s d t g t y d t e g r f v p q k f e d i f a k y - 170 
USTILAGO MAYDIS - d n k l l d w l p d p f m r i y v a n i h r c k h g s d s e s y d r r g h f r q s q f e t i l d d y - 166 
I                                                      
AtCLO-4 - a h t h - r d a l t n e e l k q l l k a n k e p n d r k g w l a g y t e w k v l h y l c k d - - - - - 160 
AtCLO-5 - a h t h - r d a l t s k e l k e l l k a n r e p n d c k g g i l a f g e w k v l y n l c k d - - - - - 161 
AtCLO-7 - a r t h - k d a l t a e e i q k m l k t n r d p f d i t g w l s d y g e w k i l h t l a q d - - - - - 145 
AtCLO-1 - a k t l - p d k l s l g e l w e m t e g n r d a w d i f g w i a g k i e w g l l y l l a r d - - - - - 208 
BRASSICA NAPUS - a k t l - p d k l s l g e l w e m t q g q r d a w d i f g w f a s k i e w g l l y l l a r d - - - - - 208 
AtCLO-2 - a r t i - p d k l s l g e l w d m t e g n r d a f d f f g w l a s k v e w g v l y a l a s d - - - - - 207 
AtCLO-6 - a r t v - p d k l t l - - - - - - - - - - - - - - - - - - - a a s k m e w g v l y f l a k d - - - - - 187 
GLYCINE MAX - a r t v - p d k l t l g e l w d l t e g n r n a f d i f g w l a a k f e w g v l y i l a r d - - - - - 205 
SESAMUM INDICIUM - a r t m - p d r l t l g e l w s m t e a n r e a f d i f g w i a s k m e w t l l y i l a r d - - - - - 211 
CLO-3 - a l t v - k d k l s f k e v w n v t e g n r m a i d p f g w l s n k v e w i l l y i l a k d - - - - - 203 
HORDEUM VULGARE 1 - a r t y - p d r l s y r e m w r m t e g c r e v f d f f g w v a m k l e w s i l y a l a r d - - - - - 268 
ORYZA SATIVA 1 - a r t s - p d r l t y r e v w q m t e g n r e v l d l f g w f a a k l e w t i l y v l a r d - - - - - 210 
PICEA SITCHENSIS 1 - a c t f - p d k f t y s e l q a m l k a n r n v n d l f g w g a a r a e w s f l y n l a k n - - - - - 204 
PHYSCOMITRELLA1 - s k t d - r s r l r y d e l y s l t s a n k n a y d p f g w t a e k l e w g i t y l l l k d - - - - - 212 
PENICILLIUM CHRYSOGENUM - d k d g - d g a l t l r e l f q l m h g h r c a a d p f g w g a a f f e w g t t w i l i q - - - - - - 199 
ASPERGILLUS NIDULANS - d g d q - d g a l t f g e l f n m m h g n r c a a d p f g w g a a f f e w v t t w l l i q - - - - - - 328 
NEUROSPORA CRASSA - d r g d - k g a l s a g e l w n m i a a n r l a a d p f g w a a g i f e f g v t w l l v q - - - - - - 222 
1-MAGNAPORTHE GRISEA - a p g - - q d s l t w r d v m q v l h g q r l y a d p i g w f a a v f e w l a t y i l l w p - - - - - 214 
USTILAGO MAYDIS - s t r h g k d a l s f s d a m a m i r e r r d l m d l f g c f a f m f e w g s t y m l l w p - - a d - 214 
I                                                      
CLO-4 - k n g l l h k d t v r a a y d g s l f e k l e k q r s s k t s k k h p - - - - - - - - - - - - - - - - 195 
CLO-5 - k s g l l h k e i v r a v y d g s l f e q l e k q r s s k t p - - - - - - - - - - - - - - - - - - - - 192 
CLO-7 - k n g l l s e k s v r a i y d g s l f h q l e k k r s s s s s r g k k q k l p - - - - - - - - - - - - 184 
CLO-1 - e e g f l s k e a i r r c f d g s l f e y c a k i y a g i s e d k t a y y - - - - - - - - - - - - - - 245 
BRASSICA NAPUS - e e g f l s k e a i r r c f d g s l f e y c a k i y a g i n e d k t a y y - - - - - - - - - - - - - - 245 
CLO-2 - e e g f l s k e a i r r c f d g s l f e y c a k n y a e i k e y k t y y - - - - - - - - - - - - - - - 243 
CLO-6 - e n g h l s k e a v r r c f d g s l f d y c a k a r a s t k k t e - - - - - - - - - - - - - - - - - - 220 
GLYCINE MAX - e e g f l s k e a v r r c f d g s l f e y c a k m h t t s d a k m s - - - - - - - - - - - - - - - - - 239 
SESAMUM INDICIUM - q d g f l s k e a i r r c y d g s l f e y c a k m q r g a e d k m k - - - - - - - - - - - - - - - - - 245 
CLO-3 - e d g f l s k e a v r g c f d g s l f e q i a k e r a n s r k q d - - - - - - - - - - - - - - - - - - 236 
HORDEUM VULGARE 1 - d e g y l s r e a i r r m y d g s l f e y m e r q r m e h v k m s - - - - - - - - - - - - - - - - - - 301 
ORYZA SATIVA 1 - e e g y l a r e a i r r m y d g s l f e y v a m q r e q h a k m s - - - - - - - - - - - - - - - - - - 243 
PICEA SITCHENSIS 1 - k e g f l d k e t l r a l y d g s l f e y f e k q y a s r k a q - - - - - - - - - - - - - - - - - - - 236 
PHYSCOMITRELLA1 - k d g f v s k e q i r g m y d g s i f e t i e r q r e l s k m q k k k m - - - - - - - - - - - - - - - 248 
PENICILLIUM CHRYSOGENUM - k d n k v n r e d l r a v y d g s l f w k v r e a r k t s t g w t q g w g - - - - - - l g g d - - - - 240 
ASPERGILLUS NIDULANS - k d g k v y k d d l l g v y d g s l f w k i a k a r k s p q g w s q g f g - - - - - - l g g d - - - - 369 
NEUROSPORA CRASSA - q d g m v d k e d l r r i y d g s m f f k i r e a y r t e k g w n k g f g l c e f f n l g r e q w a - 272 
1-MAGNAPORTHE GRISEA - e d g h m k k d d i r g v y d g s i f y t i a a r r e e r v r q k s s - - - - - - - - - - - - - - - - 249 
USTILAGO MAYDIS - g - - y m r k d d i l g i f d g s i f v v l a h r h r n g - - q g g g a f k p - - k r a - - - - - - - 252 
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utilised to verify this. However, this might be expected of the membrane-bound AtClo-3 
isoform, consistent with its non-seed localisation as a putative peroxygenase. 
 
The distinct domains of caleosins and caleosin-like proteins are schematically illustrated in 
figure 3.7. The ends of both the N and C-terminals of each protein show very little or no 
sequence conservation consistent with the sequence alignment. Furthermore, these non-
conserved regions account for the specificity of the N-terminal 6-mer antibody for AtClo-3 
specificity utilised in this study. 
 
Despite the similarities of caleosin to oleosin, namely the oil-body localisation of oleosin and 
the seed-specific caleosins, in addition to the characteristic relatively hydrophilic N-terminal, 
hydrophobic membrane spanning and hydrophilic C-terminal domain; no sequence amino 
acid sequence homology exists between caleosin and oleosin. Moreover, the Gly-rich C-
terminal domain of oleosins possesses significant homology to a non-oleosin Gly-rich 
structural protein ATGRP4 (de Oliveira et al., 1990). As the functional role of oleosins is 
limited to a structural role of stabilizing oil bodies (Leprince et al., 1998), this C-terminal 
homology with a structural protein might be expected. However, no such marked homology 
exists between caleosin C-terminal and any other non-caleosin protein. Moreover, the C-
terminal of caleosin is not particularly Gly-rich and as such it is not predicted to assume an 
extended conformation, such as anti-parallel β-sheets like oleosins C-terminal domain 
(indeed it is predicted to be chiefly α-helical). As such, the C-terminal primary structure of 
caleosins is unique to the caleosin family. Nonetheless, a relaxed AtClo-3 C-terminal 
nucleotide NCBI megablast search for more dissimilar sequences revealed ‘similarity’ to a 
putative dimerisation domain in a protein of unknown function (At5g31412.1). Although this 
study revealed no evidence of AtClo-3 dimerisation, Hanano et al, (2006) demonstrated 
potential Clo-1 dimerisation, which might be expected for the closely associated seed-
specific oil body localised caleosin. However, intriguingly and somewhat unexpectedly, no 
such similarity was determined for the C-terminus of Clo-1. 
 
The characteristic hydrophilic/hydrophobic/hydrophilic domain structure of caleosins 
(Frandsen et al., 1996) is as expected exhibited by the derived sequence of  Arabidopsis 
AtClo-3 and is illustrated by the hydrophobicity plot derived according to Kyte-Doolittle 
algorithms (von Heijne, 1987) (figure 3.8 upper panel). The N-terminal of the peptide is 
hydrophilic, extending up to the first 85 amino acids and containing a relatively high 
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Figure 3.8 A. Hydrophobicity plot profile (upper panel)
The hydrophobic profile was calculated by EMBOSS pepwindow using Kyte-Doolittle 
scale and linear weight variation model. Window size of 21 amino acid residues was 
used to make hydrophobic membrane-spanning domain stand out clearly. The central 
hydrophobic domain is highlighted by black frame.
Figure 3.8 B1. Original Clo-3 secondary structure model
Figure 3.8 B2. Original Clo-1 secondary structure model
The models are based upon Chou-Fasman algorithms
Ca2+ represents the EF-hand calcium binding domain
TK represents the tyrosine kinase domain
P represents the proline knot
Clo-3 Clo-1
N
N
C
C
Lipid body
Ca2+
Ca2+
TK
T
K
A
B1 B2
P
P
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proportion of polar and charged amino acids. The hydrophobic central domain which 
includes the amphipathic α-helix of 21 amino acids is just about capable of spanning a lipid 
bilayer once, which is followed by the proline knot domain of generally neutral charge. The 
chiefly hydrophilic C-terminal domain of 100 amino acids which contains a mixture of 
charged and non-polar residues accounts for the characteristics rapid 
hydrophobic/hydrophilic transitions of this domain as observed from the hydrophobicity plot. 
 
During the initial stages of the investigation, the predicted secondary structure of the putative 
peptide was empirically derived using Chou-Fasman algorithms and is illustrated in figure 
3.8 (lower panel). Caleosin may adopt a very different tertiary structure depending on the 
type of lipid assembly with which it associates (see figure 3.8 lower panel). Therefore, it is 
possible that the same caleosin isoform could bind to a variety of different types of lipid 
assembly, e.g. ER membrane, transport vesicles and lipid bodies (Murphy, 2001). The 
hydrophobic domain is predicted to have a predominantly α-helical conformation using the 
basic analysis, but this must be interpreted with caution since the algorithms are based on 
water-soluble globular proteins, not lipophilic or membrane bound proteins such as the 
caleosins. Detailed studies have been carried out to determine the physical structure of this 
caleosin domain (Purkrtova et al., 2007), as previously discussed in chapter 1. Several α-
helical structures are predicted for the C-terminal domain which is consistent with the 
relatively high proportion of α-helical forming alanine residues. 
 
An updated predicted secondary structure model of AtClo-3 peptide embedded in a lipid 
bilayer is shown in figure 3.9 (lower panel). The putative model was derived using 
information acquired from both the PredProtein program (Rost et al., 2004) (see figure 3.9 
upper panel) and this investigations proteinase K proteolysis orientation experiments (see 
chapter 6), which demonstrated a 2 kDa fragment loss from the C-terminus. The implication 
being that only the first 20 amino acid residues of the C-terminus extend from the membrane 
sufficiently to be accessible to the protease. The major differences between this and the 
original model is the number of predicted α-helices, turns and the intimate association of the 
C-terminal domain to the cytosol side of the membrane consistent with the marked 
hydrophobicity/hydrophilicity fluctuations to prevent proteinase K cleavage of the peptide 
upstream of residue number 211. The arrow (figure 3.9 B) illustrates the predicted C-terminal 
proteinase K cleavage point at residue number 211 (arginine) which corresponds to a 
relatively high solvent accessibility. Moreover, cleavage at this residue yields a 2 kDa 
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fragment while the remaining 93% of the protein is rendered inaccessible, which is consistent 
with the experimental data (see figure 3.9 lower panel). 
 
3.2.6 Homology of Arabidopsis Clo-3 full-length cDNA nucleotide sequence 
 
It is widely accepted that the oligonucleotide probes with a greater than 75% nucleotide 
sequence similarity with sequences other than the target sequence may cross-hybridize with 
those non-target sequences to such a degree that is compromises the quality or usability of 
the blot (Kane et al., 2000). In order to determine any regions of AtClo-3 nucleotide 
sequence similarity with other genes or indeed members of the caleosin family a WU-
BLAST2 was run using the full length AtClo-3 cDNA sequence as the query. The results are 
shown in table 3.2. The greatest sequence similarity corresponds to AtClo-1 and AtClo-2 
both of which exhibit a 64% sequence identity with a score value of 1296 and 1263 
respectively. This falls below the 75% identity threshold thereby reducing the probability that 
a full length cDNA probe or cDNA derived riboprobe cross-hybridizing. Furthermore, EST 
and microarray data (see figure 3.4) suggest the expression of AtClo-1 and AtClo-2 are 
localized in seed whereas AtClo-7 in pollen. None are present in vegetative tissue, therefore, 
further reducing the risk of cross-hybridization during Northern analysis carried out with 
Arabidopsis vegetative tissue. An initial low-stringency Southern blot analysis could be 
performed with restriction enzyme digested Arabidopsis genomic DNA, to experimentally 
verify the cross-hybridization potential of a full length AtClo-3 cDNA probe. However, the 
favourable AtClo-3 nucleotide sequence homology data deemed this experiment as 
unnecessary. Moreover, no cross-hybridization was observed during subsequent Northern 
blot analyses present in Chapters 4, 5 and 6. 
 
3.2.7 Phylogenetic analysis 
 
This investigations comparative analysis of 30 full-length caleosin and caleosin-like protein 
sequences, as illustrated in the phylogenetic tree, clearly shows that they can be divided into 
three classes (see figure 3.10). Moreover, these classes are dependent on the location of the 
hydrophobic domain in the primary structure of these proteins as predicted by Phobius (see 
figure 3.11) a combined transmembrane topology and signal peptide predictor (Kall et al., 
2004). Although located centrally in class A, the hydrophobic region is shifted to the N-
terminus in class B. Importantly, the three hydrophobic domain sub-groups perfectly match 
Table 3.2. AtClo-3 nucleotide sequence homology analysis of related genes as 
derived by the WU-BLAST2 sequence alignment tool 
Sequence similarity score is a measure of nucleotide sequence homology across the entire 
full length cDNA of AtClo-3 to the gene in question. 
Sequence identity is the number and percentage of total nucleotides in AtClo-3 that are 
identical 
Gene AGI code Gene name AtClo-3 sequence 
similarity score 
AtClo-3 sequence 
identity 
At4g26740 AtClo-1 1296 490/756     64% 
At5g55240 AtClo-2 1263 501/777     64% 
At5g29560 AtClo-7 854 350/511     64% 
At1g23240 AtClo related family 
protein 
633 369/627     58% 
At1g33190 Pseudogene Auxin 
response factor 1 
207 161/270     59% 
At4g40060 Arabidopsis 
Homeobox 
protein/Transcription 
factor 
188 70/103       67% 
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Figure 3.11. Hydrophobic domains of the differential classes of plant and fungal 
caleosins as determined by PHOBIUS (Kall et al., 2004)
Viridiplantae Class A represent caleosins with a centrally located hydrophobic domain
Viridiplantae Class B represent  caleosins with an offset located hydrophobic doamin
Fungi Class A represent caleosins with a single hydrophobic domain
Fungi Class B represent caleosins with two proximal located hydrophobic domains
Fungi Class C represent caleosins with two distal located hydrophobic domains
Class A
Class B
Fungi
Viridiplantae
Class A
Class B
Class C
Clo-1
Clo-2
Clo-3
Sesamum
Clo-4
Clo-5
Fagus
Aspergillus
Magnaporthe
Coprinis
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the three clades as determined by constructing the phylogenetic tree with the full-length 
sequences of the caleosins. These caleosins may be further divided into four sub-classes: 
Class AI the Eudicotyledons, Class AII the Liliopsida, Class AIII the Coniferales, Class AIV 
Moss Superclass. Interestingly, Cycas revolute, lilium and Oryza sativa 2 form isolated 
distinct lineages and thus can not be assigned to a major group. Group A caleosins are 
present in a diverse array of tissues including seed, vegetative tissue, stems and siliques (see 
figure 3.4) and AtClo-3 is induced by abiotic and biotic stress (see this investigation). Class 
B caleosins are less well known. Their hydrophobic domain is closer to the N-terminus; 
however the proteins are likely membrane bound since Arabidpsis AtClo-7 was recently 
found in the pollen coat (Mayfield et al., 2001). The gene encoding this caleosin is placed in 
tandem with what was originally designated Clo-9 (At1g23250) on chromosome 1, probably 
resulting from a fairly recent splicing/gene duplication event (see figure 3.3). A similar 
duplication event might also have occurred to produce AtClo-4 and AtClo-5 on the same 
chromosome. 
 
The final class is composed of the fungi caleosin which have yet to be characterized. The 
only algal caleosin-like protein is also represented in both figures 3.10 and 3.12. It is 
interesting that this single algae, forms a well-defined and distinct lineage and as such can 
not be assigned a major group. Given its marked differences from multicellular plants, its 
own distinct lineage is not surprising. Figure 3.12 illustrates that these caleosins can also be 
assigned differential groups depending on the number and position of the hydrophobic 
domain. Group I and II consist of the phylum Ascomycota or sac fungi. However, group I 
possesses a single hydrophobic domain close to the N-terminus whereas group II 
incorporates two hydrophobic domains one of which is centrally located and the other close 
to the C-terminus, such that the polypeptide may loop back into the membrane forming two 
transmembrane sequences per protein. Group III consists of a different phylum, the 
Basidiomycota; or the filamentous fungi, which includes mushrooms, puff balls and smuts. 
Similar to group II, each member of the subclass accommodates two putative hydrophobic 
domains, but unlike group II, are randomly located along the primary structure. Finally, the 
caleosin-like protein present in the only algae (Chlamydomonas reinhardtii) can not be 
assigned a major group and is represented in figure 3.12 merely for comparison. This 
putative caleosin-like protein is predicted to have a single hydrophobic domain within the N-
terminal domain of the protein. Moreover, the transmembrane sequence predicts a 
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hydrophobicity somewhat less than that of all other caleosins and as such might not span the 
membrane. 
 
All classes of caleosins share the two histidine residues required for peroxygenase activity 
(Hanano et al., 2006) and although the significance of these fungal caleosins remains to be 
elucidated, it nonetheless raises intriguing peroxygenase catalytic/functional possibilities 
relating to intra fungal and plant/pathogen interactions (see chapter 7). 
 
Figure 3.13 is a phylogram of full-length amino acid sequence data of all seven Arabidopsis 
caleosin proteins and two Brassica proteins. The seed-expressed caleosins and the remaining 
vegetative tissue caleosins gene product sequences cluster into two clear groups. The clusters 
are separated in the first divergence indicating that the split occurred early in evolutionary 
terms. It is also interesting that the vegetative localised AtClo-3 apart from its significant 
homology to Brassica juncea, is present in a lineage quite separate from the other vegetative 
abundant and pollen localized caleosins (AtClo-4, 5 and 7 respectively). Clo-6 remains the 
most isolated vegetative caleosin present in a separate lineage which diverged relatively early 
in evolution from all other vegetative abundant caleosin lineages. Conversely, Clo-4 and Clo-
5 are closely related which is expected as they are both in very close proximity to each other 
on chromosome 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.13. Phylogram figure of Arabidopsis and two Brassica caleosins created using 
ClustalW
Graphic output was generated using Phylodraw. Bootstrap values from 100 replicates is given 
at each node.
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Chapter 4 Abiotic stress responses 
 
4.1 Introduction 
 
While caleosin genes was discovered simultaneously by two groups (Frandsen et al., 1996, 
Chen et al., 1998), it was Frandsen et al (1996) who discovered the stress responsive 27 kDa 
Clo-3 isoform in rice whereas Chen et al (1998) discovered the seed specific 25 kDa Clo-1 
isoform in sesame. However, the name caleosin was only given much later when the protein 
was described (Naested et al., 2000). Studies by Frandsen et al (1996) on the molecular 
mechanisms of action of the plant hormone ABA included characterising ABA-responsive 
genes. Therefore, the rice caleosin (OsClo) was initially cloned by differential screening of a 
cDNA library from ABA-treated seedling mRNA (Frandsen et al., 1996). Northern blotting 
showed that OsClo mRNA accumulates in germinating seeds and vegetative tissue in 
response to ABA and osmotic stress and its expression is similar to some oleosins and to 
diverse genes encoding late embryogenesis abundant proteins. Sequencing revealed a major 
open reading frame encoding a protein of 27.4kDa and it was, therefore, called EFA27. Data- 
base searches revealed it contained 1 EF-hand Ca
2+
 binding motif. In the year 2000, as a 
consequence of its structural and spatial similarities with oleosin, this gene was called 
caleosin (Naested et al., 2000).  It was later realised from EST analyses that more than two 
caleosin isoforms existed and at the time were shown to include at least 5 members in 
Arabidopsis.  
 
Subsequent abiotic stress gene expression studies in Arabidopsis seedlings revealed 
somewhat conflicting results. Naested et al (2000) showed that Arabidopsis caleosin Atclo2-
4 mRNA levels were relatively low in various tissues even when subject to osmotic abiotic 
stress whereas Takahashi et al (2000) showed that AtClo-3 mRNA (also called RD20) was 
induced by osmotic stress. It must be emphasised that 14 day old Arabidopsis total plant 
tissue was utilised in both sets of experiments and as such the spatial expression data was of 
limited use. The seed-specific sesame caleosin (SiCLO1), of which Clo-1 is the Arabidopsis 
homologue, was obtained by polymerase chain reaction using degenerate primers based on 
partial amino acid sequence of an oil body-associated protein SOP1 (Chen et al.,1999). The 
mRNA of this caleosin accumulates similarly to that of sesame oleosin, with maximal 
expression 2 weeks after flowering after which SiCLO1 mRNA is absent from mature seeds 
(Chen et al., 1999). In contrast to the rice caleosin, OsCLO, SiCLO1 is, therefore, apparently 
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seed specific. Subsequent use of highly resolving tricine-based SDS-PAGE and antibodies 
raised against fusion proteins of Arabidopsis Clo-1 (AtClo-1), physically differentiated the 
25 and 27 kDa caleosin isoforms in Brassica napus and was therefore useful in protein 
expression studies (Hernandez-Pinzon et al., 2001). 
 
Studies on caleosin temporal and spatial expression patterns both at the protein and gene 
level when subject to various abiotic stresses and the stress hormone ABA in various plant 
model systems, are described in this chapter. Initially a suite of antibodies raised against 
Atclo1 was utilised to determine the spatial and temporal patterns in Brassica napus, 
Brassica rapa and Sinapis alba (white mustard) as a consequence of obvious advantages in 
biomass production and ease of germination over Arabidopsis.  All plant model systems 
utilised in this study belong to the Brassicaceae to which Arabidopsis also belongs. The 
Arabidopsis model system yielded more striking data utilising antibodies raised specifically 
against oligo-peptides of the stress responsive AtClo-3. Moreover, gene-specific ESTs and 
cDNAs against a variety of Arabidopsis caleosin family members, was useful in verifying 
stress responsiveness of caleosins of which the antibody data alone was not able to clarify. 
This study showed that salt stress and ABA treatment were major inducers of the 27 kDa 
(AtClo-3) caleosin isoform. Finally, immunofluorescence and transmission electron 
microscopy (TEM) was useful in corroborating the spatial Northern and Western derived 
expression patterns of caleosin. 
 
4.2 Results 
 
4.2.1 Comparison of caleosin expression levels in seed and vegetative tissue in a 
variety of plant models 
 
The first step in the investigation was to determine whether any caleosin isoform in seed or 
vegetative tissue was detectable using the relatively inexpensive Laemmli buffer system 
(Laemmli, 1970) in a variety of potential model plants. The results are presented in Figure 
4.1 as Commassie blue counterstained 12% 3mm thick Laemmli SDS-PAGE gels. Leaves of 
7 cm in length were harvested from 6 week old unstressed Brassica napus and Sinapis alba 
while mature and desiccated seeds were obtained from a dry seed stock. Brassica napus total 
protein fractions from leaf, stem, cotyledon and flower in addition to dry seed oil-body total 
homogenate and soluble fractions were run out on SDS-PAGE gels against that from an 
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alternative model plant Sinapis alba (see figure 4.1). This gel shows a similar profile between 
total homogenate, oil-body, and soluble protein fractions in Brassica napus (lanes 6, 7 and 8 
of gel A) which differs only slightly to that of Sinapis alba (lanes 3, 4 and 5 of gel B). 
Oleosin, cruciferin and napin are all identifiable in each plant model with each protein 
highlighted with an arrow. The proposed molecular weight (25 kDa) and position of the seed-
specific caleosin 1 (Clo-1) is also shown for both plants (see figure 4.1), although the 25 kDa 
band, is not well defined, it might be Clo-1 and highlights the much reduced abundance as 
opposed to the prominent 19 kDa band of oleosin which is closely associated with Clo-1 in 
oil-bodies. However, it should also be noted that the proposed ER bound caleosin (Clo-3) of 
molecular weight 27 kDa is also present in the embryos of desiccated mature seeds. Initial 
studies utilised the Laemmli buffer system for separating proteins (Frandsen et al., 1996; 
Chen et al., 1999; Naested et al., 2000). The decreased resolving power of SDS-PAGE in the 
molecular weight range of caleosins (20-29 KDa) using the Laemmli buffer prohibited the 
identification of the 2 proteins at 25 kDa and 27 kDa in oil body preparations (Frandsen et 
al., 1996). 
 
The vegetative total protein bands are less well defined probably as a consequence of 
protease activity during preparation. The 55 kDa heavy subunit of rubisco is the most 
dominant non-specific band and crossreacts with primary antibodies when used in Western 
blot experiments. The potential position of the proposed ER bound caleosin which this 
investigation has suggested may be Clo-3, is signified by arrows on both gels. It is important 
to understand that the definitive identification of either the 25 or 27 kDa caleosins on the gels 
is not possible for two reasons. Firstly, the relatively weak coomassie blue signals within the 
region of approximately 33 to 23 kDa. Secondly, the Laemmli buffer systems inability to 
resolve closely sized proteins in the 20-29 kDa region of the gel also presents a problem in 
categorising a band as caleosin.   
 
Using the Schägger buffer system (Schägger and Von Jagow, 1987) it was possible to resolve 
both closely sized caleosins in the region between 20 and 29 kDa. Brassica napus vegetative 
total protein and dry seed total, soluble and oil body protein fractions were run out on a 10% 
Shagger buffer system polyacrylamide gel and counterstained with Coomassie blue (figure 
4.2). The greater resolution of this system allowed the resolution of both caleosin isoforms as 
depicted by the arrows. However, the relative abundance of each (particularly the ER bound 
27 kDa isoform) in vegetative tissue was very low and they were closely associated with 
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other proteins of a similar molecular weight.  It was apparent that a more specific detection 
of each isoform was required for any subsequent abiotic stress expression studies to proceed. 
 
4.2.2 Differential caleosin protein expression profile characterisation in model plants 
other than Arabidopsis 
 
In this investigation a supply of lyophilised antibody specific for Arabidopsis AtClo-1 was 
available as a gift from Professor Murphy. Moreover, the exact same suite of antibodies was 
utilised by Hernandez-Pinzon  et al (2001) study. It was, therefore, decided prior to abiotic 
stress experiments, the same suite of antibodies should be re-characterised to confirm 
caleosin recognition patterns as elucidated by Hernandez-Pinzon et al (2001). In addition, to 
determine whether the antibodies recognised caleosin from alternative model plants such as 
Sinapis alba. 
 
A comparison of sequence homology between the differing domains of Arabidopsis and the 
other utilised plant models (Brassica napus) shows a high degree of conservation (see figure 
4.3) particularly regarding the N-terminal region of Clo-1. As such, the antibodies utilised in 
the Hernandez-Pinzon et al (2001) study that were specific for differing domains of AtClo1 
were found in this study to cross-react with Clo-1 and other isoforms in Brassica napus. As a 
supply of the Atclo1 antibodies was available, it was decided to confirm the characterisation 
of the AtClo1-specific antibodies in Brassica napus and Sinapus alba prior to using 
additional plant model systems such as Brassica rapa because of their ease of germination 
and large vegetative biomass available during the lifecycle. To begin with, an adequate 
supply of plant material was grown to ensure high protein extraction yields required for the 
detection of caleosin on an SDS-PAGE gel and immunoblot system. Sinupus alba or white 
mustard is a member of the Brassicaceae or Cruciferae and as such is closely related to 
Arabidopsis and other Brassicaceae family members. Brassica napus or oil seed rape is also 
a close relative of Arabidopsis and as such the AtClo1-specific antibodies was shown to 
recognise either both or one of the 25 or 27 kDa caleosin isoforms as previously determined 
by Hernandez-Pinzon et al (2001). While Brassica rapa biomass production per plant is less 
than that of Brassica napus or Sinapus alba, it was used as an addition plant model system 
due to its relatively rapid life-cycle.  The life cycle of Brassica rapa from seed germination 
to maturity can be completed under optimum growth conditions in 4 weeks. Therefore a large 
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amount of vegetative tissue in each differing stages of development was available from 
several Brassicaceae family plants. 
 
Initially the cheaper and less complex Laemmli buffer system was utilised to separate the 
proteins. However, as the Laemmli system was unable to resolve the closely sized caleosin 
isoforms, it was clear that the implementation of the Shagger buffer system as previously 
used by Hernandez-Pinzon et al (2001) was required to resolve the 2 kDa difference in 
molecular weight of the 25 kDa and 27 kDa isoforms (see figure 4.2). Therefore, the more 
expensive and time consuming Shagger buffer system was utilised for all subsequent 
Western blot studies. 
 
Characterisation of the AtClo1 antibodies to Brassica napus vegetative total protein and dry 
seed total homogenate and oil body fractions confirmed data from the study by Hernandez-
Pinzon et al (2001). Moreover, an almost identical caleosin protein expression profile 
characterisation was determined in mustard fractions (see figure 4.4). Briefly, the Alpha1-92-
Clo-1 antibody, designated as n-clo, recognised both isoforms with good affinity. The n-clo 
antibody was raised against residues 1-92 of the Arabidopsis Clo-1 isoform and includes the 
EF-hand Ca
2+
 binding motif. It corresponds to the 25-kDa lipid body isoform caleosin that is 
highly expressed in developing embryos of both Arabidopsis, Brassica napus (Naested et al., 
2000, Poxleitner et al., 2006) and oat (Hanano et al., 2006). This antibody also recognised 
the 27 kDa vegetative tissue abundant isoform probably because residues 1-92 include the 
highly conserved EF-hand Ca
2+
 binding motif found in all caleosins (Hernandez-Pinzon et 
al., 2001). The second antibody, c-clo, was raised against residues 131-242 of Clo-1, is less 
well conserved among the various Arabidopsis caleosin isoforms and has a lower sequence 
homology in both Sinapis alba and Brassica napus compared to the N-terminus (see figure 
3.6). Not surprisingly, the antibody only recognised the 25-kDa lipid-body isoform of 
caleosin. The third antibody, αclo1 was raised against a unique sequence at the N-terminus of 
the Arabidopsis AtClo-1. This antibody was made by first generating a 12-mer peptide, 
GSKTEMMERDAM corresponding to the N-terminus (minus the initial methionine) of Clo-
1. This peptide was conjugated to keyhole limpet haemocyanin in order to elicit an 
immunological response in rabbits. The resulting αclo1 antibody strongly recognised the 25 
kDa lipid body associated caleosin while weakly recognising a 27 kDa protein possibly 
AtClo-3. However, a comparison of the 12-mer peptide (which was used to generate the 
αclo1 antibody) with the corresponding initial 12 amino acid residues of the 27 kDa isoform 
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confirms a low sequence homology in this region (figure 4.5). As such it is impossible to 
conclude that crossreaction with a protein at apparent molecular mass of 27kDa is AtClo-3. 
The antibody also recognised a 25kDa protein in Brassica napus and Sinapus alba, likely the 
seed specific caleosins (data not shown) and provides experimental evidence that both 
proteins are closely related homologues of Arabidopsis AtClo-1. Figure 4.3 shows the amino 
acid sequence homology between the 25kDa caleosin of Arabidopsis and Brassica napus. 
 
4.2.2.1   Changing pattern of caleosin isoforms in Brassica napus after germination 
 
The persistence, and indeed, the increasing amounts of the seed-specific 25kDa AtClo-1 
isoform during the development of and following the desiccation of the embryo in Brassica 
napus, closely resembled the accumulation of oleosin in lipid bodies at the time when lipid 
body ontogeny dictates lipid body formation and maturation (Hernandez-Pinzon et al., 2001). 
The 25-kDa lipid body caleosin was shown to peak at the desiccating stage of development 
after which the isoform levels remained constant even after seed desiccation and formation of 
a mature dry seed when the levels of virtually all non-storage proteins declined markedly 
(Murphy and Cummins, 1989). In view of the persistence of the 25 kDa caleosin in dry seeds 
and, as the n-clo antibody detects both caleosin isoforms in Brassica napus with equal 
avidity, it was of interest to follow the fate of both isoforms following germination and to 
verify the results of the study conducted by Hernandez-Pinzon et al (2001). A relatively high 
concentration of n-clo antibody [1:500] was used in the immuno-detection of both caleosin 
isoform in total protein preparations of dry mature seed and developing light grown 
cotyledon and stem during imbibition and germination (see figure 4.6). The changing levels 
of both caleosin isoforms were compared with oleosin levels by re-probing the membranes 
with the highly avid oleosin antibody represented as the band at 19 kDa molecular weight on 
the blots. The SDS-PAGE gels were loaded with an equal total protein concentration of 75 
µg per well. In order to allow recognition of any very small quantities of protein such as the 
detection of the 27 kDa isoform in mature seed preparations, a high concentration of 
antibody was utilised. As was expected, the 25 kDa isoform which is clearly abundant in dry 
seed suddenly decreases to levels barely detectable by the antibody. Specifically, it remains 
barely detectable in cotyledon 3 days after imbibition (DAI) whereas it is completely 
undetectable in stem from 1 DAI. This was mirrored to a certain extent by the decline in 
oleosin levels after germination as lipid bodies undergo mobilisation. However, the highly 
avid oleosin antibody continued to detect traces of oleosin in cotyledon 8 DAI and only 2 
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Figure 4.6. Western blot analysis showing temporal characterisation of caleosins 
isoforms and oleosin in Brassica napus stem and cotyledon total protein extracts 
by sequential immunoblotting of the same membrane with n-Clo and oleosin 
antibody
Western blot A and B were analysed using the n-clo polyclonal antibody. Total 
protein from Brassica napus dry seed and stem (A) and cotyledon (B) from 1 to 9 
days after imbibition were separated on a 10% Schägger polyacrylamide gel and 
detected using 1:500 dilution serum.. The apparent molecular weights in kDa are 
indicated. Lanes: 1, dry seed total protein; lanes (2-10) represent total protein of 
stem or cotyledon as indicated 1-9 days after imbibition. 
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DAI in stem. The 27-kDa isoform while detected at low levels in dry seed total homogenate 
dramatically increased to levels (comparable to the 25 kDa isoform present in seed) 
coincident with germination. The dramatic increase in abundance is more apparent in stem. 
Both stem and cotyledon maintain a steady-state expression of the 27 kDa to the last time 
point of 9 DAI. Moreover, figure 4.7 tentatively suggests that the 27 kDa isoform expression 
levels is comparable to that just after germination as it is in mature 5 to 7 week old stem and 
leaf tissue.  
 
In the study by Hernandez-Pinzon et al (2001), no germination time-course experiment of 
root samples was carried out. The initial discovery of caleosins was in root tissue. As such it 
was of interest to perform the time-course experiments in roots. However, in preliminary 
total protein root preparations and subsequent SDS-PAGE gels and Western blot analysis of 
root total protein it proved very difficult to detect caleosin from any model plant regardless 
of tissue age or antibody concentration and incubation periods (see figure 4.8). It was initially 
hypothesised the efficacy of the extraction technique (pestle and mortor) against the 
relatively tough roots was inadequate when compared to the finer green vegetative tissue. 
However similar results were generated using young, tender and fine root samples. This 
suggested that unstressed root tissue expressed lower 27 kDa protein levels compared to 
unstressed vegetative tissue. As such, the initial notion of protein extraction inefficiency was 
incorrect. Moreover, the dilute root samples negated gel loading concentrations to the 75 µg 
per well required for immuno-detection. Therefore a means of concentrating was required in 
the form of lyophilizing root total protein extracts. This enabled the loading of the entire root 
total protein fractions at the minimum required on to gels (see figure 4.9). Absolute 
expression levels differed somewhat to those of cotyledon and shoot. However, the 25 kDa 
isoform was present in large amounts in the dry seed and unlike stem and cotyledon 
remained at that high level until 2 DAI before disappearing from detection. The 27 kDa 
isoform was also present in the seed and similar to that in stem and cotyledon at reduced 
levels to that of the seed specific isoform. Nevertheless, its presence is relatively dominant 
and remains as such until 2 DAI after which levels fall to barely detectable. Interestingly, 7 
DAI the 27 kDa isoform expression in root increases to that comparable at 2 DAI. Assuming 
loading levels were equal in all lanes (this was true as high molecular weight cross reacting 
bands were of comparable intensity), one explanation for the apparent increase in expression 
could be potential ad hoc abiotic stress induction in the greenhouse. After all, while the 
seedlings were carefully managed, a growth chamber was not available at the time and as 
Figure 4.7. Western blot analyses  showing temporal characterisation of the 
27 kDa caleosin isoform as extracted from Brassica napus total protein leaf  
and stem  samples, 5 to 7 weeks after germination
Western blot A and B were analysed using the n-clo polyclonal antibody. Total 
protein from Brassica napus leaf (A) and stem (B) from 5 to 7 weeks after after 
imbibition (WAI) were separated on a 10% Schägger polyacrylamide gel and 
detected using 1:500 dilution of serum. The apparent molecular weights in kDa
are indicated. Lanes: (1-3) represent 5, 6 and 7 weeks after imbibition.
Leaf
Stem
WAI
5 6 7
1 2 3
31 2
A
B
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Figure 4.8. Western blot analysis showing negligible detection of 27 kDa
caleosin in total root protein fractions from various aged Brassica napus as 
detected by low and high concentrations of n-Clo antibody
Western blot of total protein fractions of Brassica napus roots separated on a 
10% Schägger polyacrylamide gel and detected using the n-clo polyclonal 
antibody at low serum concentration 1:500 (A) and high serum concentration 
1:100 (B). The apparent molecular weights in kDa are indicated. Lanes (1-4) 
represent 4-7 weeks after imbibition (WAI). 
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such seedlings were placed out in the open greenhouse environment which was subject at 
times to temperature fluctuations as a function of sunlight irradiation. 
 
In light of this finding, together with the fact that caleosins were initially discovered as a 
consequence of osmotic stress, an investigation into the stress responses at the protein level 
of the 27 kDa caleosin isoform in model higher plants (as previously discussed) was initiated. 
  
4.2.3 Characterisation of 27 kDa caleosin protein expression during short and long-
term abiotic stressing of model plants 
 
Leaves, cotyledons, stems and roots from 6 week old unstressed and stressed Brassica napus, 
Brassica rapa and Sinapis alba were harvested. Total protein was extracted from each of the 
tissues and separated by SDS-PAGE. The concentration of each sample was carefully 
determined to ensure equal loading with respect to total protein concentration.  The 27 kDa 
isoform was detected with the n-clo antibody. 
 
Each plant model was exposed to a variety of abiotic stresses which included drought, salt, 
heat, cold and water logging of roots (water stress), for both short-term (up to 72 hours) 
exposure through to chronic long term (up to 2 weeks) exposure (see chapter 2 for details of 
conditions). Long term stress was managed such to ensure the maximum  
chronic impact of stress conditions without killing the plant. 
 
The 27 kDa isoform was detected in all model plant unstressed and stressed tissues. 
However, expression levels of the isoforms in most cases were not affected by short term 
osmotic stress which included both salt and drought stress conditions in Brasscia napus (see 
figure 4.10) which was mirrored in both Brassica rapa and Sinapis alba (results not shown). 
It should be noted that the short term stress experiments were repeated adjusting the 
magnitude and duration of stress exposure, however, no significant expression changes were 
observed (results not shown). In light of this, it was decided at this point in the investigation 
to increase the time over which the plants were exposed to stress i.e. longer term chronic 
stress exposure.   
 
Figure 4.11 shows the definitive upregulation of the 27 kDa caleosin isoform expression 
patterns when subject to long-term (1 week) exposure to osmotic stress (specifically salt or 
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Figure 4.11. Western blot showing induction of 27 kDa caleosin subject to long 
term chromic osmotic stress in a variety of  plant  model  systems
Western blot was analysed using the polyclonal n-Clo antibody. Total protein 
was extracted from 5 week old Brassica napus, Brassica rapa and Sinapis alba
leaves either unstressed (control) or previously treated with chronic salt or 
drought stress (1 week period). The total protein fractions were separated on a 
10% Schägger polyacrylamide gel and detected using 1:500 dilution of the 
serum. The apparent molecular weights in kDa are indicated.
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drought stress) in the three model plant systems. The upregulation was particularly marked 
during salt stress in leaf in all plant models, but was also present to some degree in the root 
(see figure 4.12). However it should be noted that root specific upregualtion was only 
detected in Brassica napus and to a very limited extent in other plant models. Drought stress 
resulted in the upregulation of the 27kDa isoform in leaves of both Brassica napus and 
Brassica rapa however the effect was a little less defined in Sinapis alba (see figure 4.11). 
Repeat experiments confirmed these results. 
 
Expression profiles of the 27 kDa isoform during cold, water and heat stress is shown in 
figure 4.13. A short term exposure to heat stress (40
o
C) resulted in a definitive 
downregulation of caleosin. Exposure of any plant to heat stress (40
o
C) beyond 84 hours 
compromised the plant with visible signs of distress such as severe wilting and 
discolouration, whereas both long-term exposure to cold and water stress was more feasible. 
This resulted in no change in protein expression and levels remained equal to those of the 
unstressed controls. 
 
EST analyses showed that the seed-specific caleosin gene with two corresponding ESTs was 
AtClo-1 while the other three non-seed caleosins: AtClo-3 (three ESTs), AtClo-4A (two 
ESTs) and AtClo-5 (two ESTs) may correspond to the 27 kDa isoform (White et al., 2000) 
(see chapter 3). During the investigation, the 27kDa isoform was not sequenced and therefore 
with regard to immunoblot data alone was not possible to categorically conclude that the 27 
kDa isoform was AtClo-3. However, database analysis of caleosin isoform predicted 
molecular weights, supports that it is AtClo-3. Moreover, this study also shows specific 
AtClo-3 gene expression analysis which provides overwhelming evidence that the expression 
of the 27 kDa isoform at the protein level is definitively AtClo-3.  This is further discussed in 
the discussion of this chapter.  
 
At this stage in the investigation the lyophilized stock of n-clo antibody was running very 
low and as such to continue with abiotic stress response characterisation of the 27 kDa 
caleosin isoform, a new generation of oligo-peptide derived antibodies were synthesised.   
 
 
 
 
Figure 4.12. Western blot showing upregulation of 27kDa caleosin subject to 
long term chronic salt stress
Western blot was analysed using the polyclonal n-clo antibody. Total 
protein from 5 week old Brasssica napus root either unstressed (control) or 
treated with 1.5 weeks of chronic salt stress was separated by a 10% 
shagger SDS-PAGE. The subsequent immunodetection was carried out 
using a 1:500 dilution of the serum. The apparent molecular weights in kDa
are indicated   
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4.2.4 Characterisation of a novel suite of Arabidopsis caleosin oligo-peptide derived 
antibodies to seed and leaf total protein from unstressed Arabidopsis 
 
 As aforementioned, the AtClo-1-derived antibody n-clo was at this juncture in the 
investigation all but used up. To support the hypothesis (prior to gene expression studies) that 
the 27 kDa stress-responsive caleosin is AtClo-3, it was important to compare expression 
patterns of other caleosins in addition to AtClo-3 during abiotic stress. Therefore, it was 
decided to produce a novel set of caleosin antibodies raised against the oligo-peptide 
sequences of highly specific regions of different Arabidopsis caleosin. Three polyclonal 
caleosin antibodies were raised against specific oligo-peptides of AtClo-3, Clo-4/5 and Clo-
tyrosine kinase domain in two independent rabbits A and B (see chapter 2 for details).  
 
Arabidopsis 6-week old whole leaf total protein fractions were run on SDS-PAGE gels 
against the total homogenate preparations of dry mature Arabidopsis seed and the proteins 
blotted onto membrane. The analysis of each test bleed from both rabbits was carried out by 
Western blot using a 1/500 dilution of serum. Each antibody detection profile was compared 
with its corresponding pre-immune using replicate blots. The differential reactions of the 
three novel antibodies from Rabbits A and B (six antibodies in total) to the total protein leaf 
and seed extracts from unstressed Arabidopsis are shown in figures 4.14, 4.15 and 4.17. The 
corresponding pre-immune blots are also shown as a negative control.  
 
4.2.4.1 Clo-4/5 antibody from rabbit A and B 
 
The Clo-4/5 N-term antibodies from rabbits A and B were raised against residues 1-15 
(MASSISTGVKFVPEE) of the Arabidopsis Clo-4/5 isoform. The Clo-4/5 N-term antibody 
from rabbit A recognised a 20 kDa band not present in the pre-immune serum (fig 4.14). This 
corresponds with the sequenced-derived molecular weight of Clo-4 and Clo-5, as such most 
probably represented the Clo-4/5 protein expression in unstressed Arabidopsis leaf. However, 
the Clo-4/5 N-term antibody from rabbit B pre-immune blot result presented a band of 
molecular mass of approximately 20 kDa prominent in both seed and leaf. The result was 
therefore ambiguous and consequently the antibody was discounted from any further 
investigation (figure 4.14). 
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Figure 4.16 Western blot  showing upregulation of protein proposed to be 27 kDa Clo-
3 isoform when subject to salt stress
The Clotyrkin B serum obtained from the third boost from rabbit B was diluted 1:1000 and 
used for protein detection on a western blot. A 100 µg of total protein was extracted from 
unstressed and salt stressed Arabidopsis leaf as indicated and separated on a 10% Schägger
polyacrylamide prior to immunoblotting and detection using 1:500 dilution Clo-4/5 serum  
from rabbit B . Salt treatment: Whole plants were subject 250 mM salt soil drench once per 
day for 1 week
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4.2.4.2 Clo-tyrkin antibody from rabbit A and B 
 
The second antibody to be tested was designated as Clo-tyrkin which corresponds to a 15-
mer peptide sequence (AKHGSDSDVYDEGRF) of the conserved tyrosine kinase domain 
present in all caleosin isoforms. As such it was expected to detect many caleosin isoforms. 
Both sets of the antibody from rabbit A and B showed similar protein banding patterns 
although rabbit B antibodies presented a cleaner looking result (see figure 4.15). As expected 
the antibody recognised a cluster of proteins in leaf which corresponded to molecular weights 
of between 20-30 kDa which corresponds to the proposed range of all known putative 
Arabidopsis caleosins. However, a strong band of approximately 27 kDa was present in both 
leaf and seed tissue. Assuming it actually represented the seed-specific caleosin, this band 
should be absent from leaf total protein. Moreover, the same band was present on the pre-
immune blots. It was therefore, more than likely an artefact and discounted from any further 
use. However the possibility that the rabbits were experiencing a pathology which elicited an 
immune response generating these artefact-like protein bands can not be completely 
discounted.  
 
A weaker band just below this artefact not present in the pre-immune but present in both seed 
and leaf fractions could be characterised as the 27 kDa isoform as the precision of the 
molecular weight markers is not absolute. Moreover, this same band was upregualted during 
abiotic stress as shown in figure 4.16 and 4.18. It was therefore likely to be the 27 kDa 
AtClo-3 isoform. A lower cluster of proteins also existed on the blots (particularly evident 
from Rabbit B) which are not present on the pre-immune blots. However the molecular 
weights were far below that of any known putative Arabidopsis caleosin.  
 
4.2.4.3 AtClo-3 antibody from rabbit A and B 
 
The third antibody, designated as Clo3N A and B, was raised against a 15-mer peptide, 
namely n-MAGEAEALATTAPLA-c, corresponding to a unique sequence at the N-terminal 
portion of AtClo-3 that was not present in other Arabidopsis caleosins and did not correspond 
to any other sequence in the BLAST database. Antibody detection profile is shown in figure 
4.17. Clo3N A antibody showed a weak affinity for a protein at 15 kDa and therefore to low 
for caleosin. This antibody showed little or no affinity for any proteins in the caleosin 
molecular mass range even when utilising 1:10 antibody concentration and extended 
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incubation periods and therefore removed from any further investigations. The Clo3N B 
antibody showed a good affinity with a protein of apparent mass of 27 kDa in the leaf and no 
cross-reaction was observed with protein of 25 kDa molecular weight in the seed. 
Furthermore, no spurious type artefacts were present on the pre-immune serum. Abiotic 
stressing of vegetative tissue resulted in an induction of the 27 kDa protein band in question 
and therefore was likely the 27 kDa AtClo-3 isoform (figure 4.18). The disadvantage of this 
antibody however, was the significant crossreaction with the 55 kDa subunit of rubisco 
which may present difficulties should the protein be utilised in immunoflouresence and TEM 
studies. This is further discussed in results section and the discussion. 
 
4.2.5 Characterisation of the novel suite of Arabidopsis caleosin oligo-peptide derived 
antibodies vegetative total protein in stressed Arabidopsis 
 
Several of the novel Arabidopsis specific-caleosin antibodies were removed from further use 
in this investigation. However, it would be interesting to characterise the remaining 
antibodies against total protein extracts in osmotically stressed non-seed tissue in which the 
27 kDa isoform is located. Previous osmotic stress experiments in this investigation yielded 
an upregulation of the 27 kDa during salt stress in Brassica napus, Brassica rapa and Sinapis 
alba. It was, therefore, decided to perform a similar stress investigation in Arabidopsis. 
Moreover, a greater range of molecular tools such as full length cDNAs and RNAi knock-
down mutants were available for Arabidopsis. Therefore, direct comparisons between protein 
and molecular biology studies of AtClo-3 in the same plant were possible. 
 
Total protein preparations from 6 week old Arabidopsis leaves were subject to one week 
chronic soil drench of 200mM NaCl and one week of drought exposure were run out on a 
SDS-PAGE gel and detected using a 1 in 500 dilution of antibodies Clo4/5 A, Clotyrkin B 
and Clo3N B using replicate blots. Results are shown in figure 4.18. 
 
Arabidopsis leaves independently exposed to drought or salt-stress had no detectable effect 
on the expression of the 20 kDa protein as detected by the Clo4/5 A antibody as the intensity 
of the band remained equal to that of the unstressed control. The Clotyrkin B antibody 
showed an upregulation of a protein of apparent molecular weight approximately 27 kDa 
after salt stress exposure as highlighted in figures 4.16 and 4.18. Little change in the intensity 
of the band was observed during drought stress (results not shown). In light of this result it 
was probable the band represented the stress responsive 27 kDa caleosin isoform (AtClo-3).  
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A significant upregulation of a 27 kDa protein from salt-stressed leaf was observed when 
blots were probed with the Clo3N B antibody which paralleled that detected by the Clo-
tyrkin B antibody and as such a likely AtClo-3 candidate. Little change in intensity occurred 
after exposure to drought stress (results not shown). The Clo3N B antibody exhibited less 
cross reaction than that of Clotyrkin B and was more specific for the stress responsive 27 
kDa protein of interest. However, as previously observed this antibody showed a significant 
cross reaction with the 55 kDa subunit of rubisco and may cause associated problems should 
the antibody be utilised in immunocytochemistry or TEM studies. Nevertheless, it was 
apparent the antibody of choice and as such selected for use in further spatial and temporal 
abiotic stress studies of AtClo-3 at the protein level. 
 
4.2.6 A novel hydroponic system for the growth of and ease of stressing multiple 
Arabidopsis plants 
 
At this stage in the investigation, differential abiotic stress dependent spatial and temporal 
characterisation of the 27 kDa caleosin was required. As such a hydroponics growth system 
was developed to facilitate the precise exposure of Arabidopis to a range of abiotic stress and 
phytohormonal treatments via the root system and ensure soil free harvesting of tissue. 
Significant difficulties at all levels were experienced growing Arabidopsis in a standard pot 
and soil based system. Precise application of stress or phytohormone treatment was negated 
via soil drenching the root system of Arabidopsis as the treatment would simply drain out of 
the soil. Furthermore, the already water saturated soil would dilute out the water soluble 
stress or hormone applied to the soil particularly if the potted soil was maintained wet in 
standing water. Contaminating soil was an additional disadvantage of soil-based growth 
particularly when harvesting the roots of Arabidopsis which are delicate and easily ruptured. 
Furthermore, the large number of experiments which required both protein and RNA 
extraction demanded a significant amount of biomass per unit area required for growth. The 
distinct disadvantage of Arabidopsis over the other former utilised model plants such as 
Brassica napus or Sinapis alba was the limited biomass produced per unit plant. At this stage 
in the investigation it was apparent a more versatile system of Arabidopsis germination and 
growth was required to facilitate precise treatment, provide high density growth in the 
minimum space with efficient harvesting of all tissues. Hydroponic growth furfiled these 
criteria.  
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Several hydroponic systems were previously designed for the efficient growth of 
Arabidopsis. While Koyama et al (1995) set up a system that was limited to young seedlings, 
other systems allowed the completion of the Arabidopsis life cycle (Gibeaut et al., 1997; 
Hirai et al., 1995). In some cases the seeds were sown in agar, sponge pieces or rockwool 
soaked with the nutrient solution. However, after reviewing each system all required the 
purchase of materials outside the realms of the supermarket or standard shop. One such 
system required the purchase of plastic perspex (Gibeuat et al., 1997), while another required 
a two-step cultivation system (Noren et al., 2004). Therefore, a novel hydroponics system 
was devised requiring material routinely present in the laboratory and supermarket 
environment. The basic experimental device was formed of two units: 
 
1. Seed-holders (cut 50ml Falcon tubes) on which individual seeds were germinated and 
that supported the plant throughout its growth (see figure 4.19). 
2. Nutrient solution container on to which the seed-holders were placed to allow root 
growth into the nutrient solution (see figure 4.20). 
 
The seed holders were prepared from 50ml falcon tubes cut through at 1.5cm from the 
bottom of the tube. The conical shape tip was subsequently cut off 2mm from the tip apex. 
This resulted in the seed holder as shown in figure 4.19. The seed holders were then plugged 
with rock wool sized to 6cm x 2cm x 2cm in length width and breadth and pushed through 
the bottom hole of the seed holder such that the top surface of the rock wool was flush with 
the top of the seed holder. Nutrient solution was retained in plastic boxes of 1 litre nominal 
volume covered with foil to prevent light penetration. Six holes of diameter just wider than 
the diameter of the seed holders were drilled into the lid of each plastic box. This allowed 
each seed holder to sit snugly within the lid without falling through into the nutrient solution 
below. A 5 cm length of rock wool from each seed holder was submerged in the nutrient 
solution and provided support for the growth of the root system. Should the cut holes be too 
wide for a seed holder, several layers of insulating tape was wrapped around the seed holder 
in question to provide extra diameter to prevent slippage into the nutrient solution. Aeration 
of the nutrient solution for growth of Arabidopsis up to 6 weeks old was not required as 
previously reported by Arteca and Arteca (2000) as a proportion of the root system was 
always in air. Algal growth was suppressed by frequent changes of nutrient solution and the 
foil prevented light penetration. However, if long-term growth of plants was required for 
Figure 4.19. Seed holder cut from the bottom of a 50 ml falcon tube

Figure 4.20. Nutrient solution 1 litre container and lid. 
Note the seed holders with rock wool perched a top of lid
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seed harvesting, the nutrient solution was aerated through the provision of pumped air 
delivered from standard aquarian air pumps via flexible tubing. The ends of the tubing were 
pushed through small holes in the container lids and down into the nutrient solution.  
 
The large surface area afforded by each seed holder allowed for the germination and growth 
of many seeds per container (see figure 4.21). Moreover, the seed-holders were easily 
transferable from one container to another such was the versatility of the set-up for treatment 
(see figure 4.22). A maximum of 10 containers each with 8 seed holders sustaining 10 plants 
was set-up at any one time all of which fitted into the plant growth chamber for precise 
regulation of the growth environment (see figure 4.23). This hydroponic system was adapted 
to maximise Arabidopsis growth biomass, facilitate the precise treatment of each plant yet 
was simple, cheap, space saving, and required little maintenance. Indeed, once the system 
was set-up, a topping up of the nutrient solution was all that was required. Plant density and 
growth conditions determined how often the tanks were refilled, however due to the dry 
environment of the greenhouse; a top-up of nutrient solution was required on average every 4 
days. The timings of total renewal of the solution will be specified for each experiment. 
 
4.2.7 Spatial and temporal characterisation of AtClo-3 gene and protein expression 
profiles subject to abiotic stress and ABA treatment 
 
At this point in the investigation preliminary Western blot data showed an osmotic stress 
responsive protein of apparent molecular mass of 27 kDa likely to be AtClo-3. However, 
without subsequent immunoprecipitaton and sequencing, it is impossible to confirm this 
protein as AtClo-3. Therefore, it was decided to use AtClo-3 gene-specific probes in 
Northern blot analysis to characterise the expression patterns of AtClo-3 at the gene level. 
Moreover, caleosin was initially discovered by Northern blotting by virtue of its upregulation 
in ABA-treated rice seedlings (Frandsen et al., 1996). However, it was later determined by 
Naested et al (2000) that in somewhat opposition to Frandsen et al (1996) albeit in a different 
plant model, AtClo-1, 2 and 4 were not mediated by drought or ABA treatment. Surprisingly, 
the AtClo-3 gene expression profile was absent. Microarray data now exists showing the 
AtClo-3 gene is induced by osmotic stress and ABA treatment; however, the data represents 
seedlings only with limited spatial profiling. Therefore, complete spatial and temporal 
characterisation of AtClo-3 RNA expression profile to various abiotic stresses in mature 
Figure 4.21. A plan view of a single hydroponic system set-up

Figure 4.22. The complete hydroponic suite showing aeration of nutrient solution via blue air-tubes

Figure 4.23. The complete hydroponic suite located in the plant growth chamber in 
which temperature and humidity was regulated to ensure efficient germination 
rates
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Arabidopsis plants was performed utilising a selection of digoxigenin labelled full length 
cDNA and riboprobes. 
 
4.2.7.1 Spatial and temporal characterisation of AtClo-3 gene expression subject to 
abiotic stress and ABA treatment in Arabidopsis 
 
The presence of the AtClo-3 mRNA was analysed by Northern blot analysis of total RNA 
extracted from 5-week old Arabidopsis and run out on a denaturing formaldehyde gel prior to 
detection with a specific AtClo-3 probe. All blots were probed with either a digoxigenin 
labelled DNA probe generated from a full length cDNA or riboprobe which was 
complementary to the whole AtClo-3 gene (see chapter 2). It was shown to hybridize to a 
transcript size of approximately 1000nt which is consistent with the predicted full length 
mRNA with excised introns (figure 4.24). Initially a spatial characterisation of the AtClo-3 
gene was performed on Arabidopsis plants. It is observed (see figure 4.24) that the relatively 
low level of AtClo-3 expression in five different organs from control plants is contrasted with 
varying levels of enhanced expression in organs from stressed plants subject to 24 hour stress 
exposure. All stressed tissue (apart from cold stressed silique and stem) showed some degree 
of AtClo-3 upregualtion to various stresses. Cold stress caused a small amount of 
upregulation, in flowers (whole inflorescences) and leaves. Salt stress led to the highest 
stimulation of AtClo-3 expression and was particularly marked in leaves and flowers. 
Drought conditions led to modest but consistent upregulation in all organs examined. The 
time course of induction of AtClo-3 gene expression in leaf is shown in the treatments 
associated with the highest levels of upregulation (figure 4.25). The temporal expression 
profiles after salt and cold stress treatment is also graphically represented in figure 4.26 and 
figures 4.27 respectively. It can be seen from these graphs that although salt stress causes 
some increase in mRNA abundance after as little as 5 hr, the most significant increases 
occurred around 24 hours. Cold stress caused a slight increase in mRNA expression after just 
5 hours exposure which continued to increase at a modest steady rate to 48 hours exposure. It 
is interesting to note that Takahashi et al (2000) carried out Northern blot analysis of the 
expression of RD20 (AtClo-3) in Arabidopsis total tissue and showed drought stress elicited 
a significant although slightly less pronounced upregulation than salt or ABA treatment. 
However, this investigation shows only a very modest increase in AtClo-3 expression in 
comparison to salt and ABA treatment in mature plants. 
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Figure 4.26. Arbitrary densitometer readings 
from time-course Northern blot (see 
figure 4.25)
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Figure 4.27. Arbitrary densitometer readings 
from time-course Northern blot (see 
figure 4.25) 
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While ABA treatment of plants can not be regarded as a stress, ABA is a key abiotic stress-
related hormone. Moreover, ABA treatment of rice seedlings elicited caleosin expression and 
microarray data confirms this in Arabidopsis seedlings. A spatial and temporal AtClo-3 gene 
expression profile characterisation was carried out on plants subject to ABA application. 
Mature 5-week old Arabidopsis was treated with a daily foliar application of 200 µM ABA at 
standard growth conditions for the appropriate incubation period prior to RNA extraction. 
Application of ABA led to a large induction of gene expression that was almost as marked as 
in salt-treated plants and was similarly concentrated in leaves and flowers (see figure 4.28). 
ABA-treated time-course expression profile is shown in figure 4.29 with the added benefit of 
a 10 hour time point exposure to ABA. The graphical representation of the time-course 
AtClo-3 expression profile is shown in figure 4.30. It is observed that the AtClo-3 gene 
induction is of a similar magnitude to that of AtClo-3 after salt stress treatment but showed 
mRNA abundance continuing to rise even after 48 hour incubation.  
 
This investigation showed that AtClo-3 gene expression is induced in response to various 
abiotic stresses, particularly salt stress and ABA-treated leaf and flower. 
 
 
4.2.7.2 Temporal characterisation of Clo-4/5 gene expression subject to salt stress in 
Arabidopsis 
 
Preliminary Western blot data showed Clo4/5 protein expression was unresponsive to abiotic 
stress in Brassica napus. It was important to confirm this in Arabidopsis using a Clo4/5 gene-
specific full-length cDNA. The roots of hydroponically grown 5-week old Arabidopsis were 
subject to increasing exposure to 200 mM NaCl. The leaves were subsequently harvested and 
total RNA extracted and run out on a denaturing formaldehyde gel prior to detection with a 
specific Clo4/5 digoxigenin labelled cDNA probe (see figure 4.31). Whilst a modest amount 
of Clo-4/5 RNA was detected in unstressed leaf, its abundance remained steady-state up to 
48 hours after salt stress. 
 
 
 
 
Figure 4.28. Northern blot analysis showing differential expression of 
Arabidopsis Clo-3 in various tissues treated with ABA
Northern blots analysis was carried out using 20 µg of total RNA extracted from 
the leaves, stem, silique, flower and root of 5 week old Arabidopsis ecotype 
columbia plants treated with a foliar spray of 200 µM of ABA applied once per 
day for a 48 hour treatment time. The blots were probed with a riboprobe
generated by in vitro transcription from a gene-specific cDNA for the Arabidopsis
Clo-3.
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Figure 4.29. Temporal expression of Clo-3 mRNA subject to ABA treatment
Northern blot analysis was carried out using 20 µg total RNA extracted from 5 week 
old Arabidopsis ecotype Columbia plant leaves treated with a single foliar application 
of ABA at 200 µM per day. Control plant leaves were treated with a single foliar 
application of distilled water. The blots were probed with a riboprobe generated by in 
vitro transcription from a gene-specific cDNA for the Arabidopsis Clo-3. Ethidium
bromide–stained 18S ribosomal RNA is shown as a loading control.
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Figure 4.30. Arbitrary densitometer readings 
from time-course Northern blot (see 
figure 4.29) 
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4.2.7.3 Protein expression profile analysis of AtClo-3 to abiotic stress and ABA 
treatment 
 
To date no information from other studies exists concerning the protein expression profiles of 
AtClo-3 in any plant model in response to stress or phytohormones. Moreover, in light of the 
gene expression profile analysis which can give useful information, it is also important to 
correlate such data with analysis of protein levels wherever possible. Therefore at this point 
in the investigation a spatial and temporal protein expression profile of Arabidopsis AtClo-3 
was performed utilising the Clo3N B antibody specific for what was likely to be AtClo-3. 
Later, comparisons of AtClo-3 gene expression profiles to that of the corresponding protein 
expression profiles supported the antibody detection of AtClo-3. 
 
Total protein extracts from various organs including leaf, stem whole flower, silique and root 
were extracted from 5 week old Arabidopsis which were subject to cold, drought and salt 
stress.  
 
As shown in figure 4.32, AtClo-3 protein was detectable, albeit in very low quantities in most 
organs of non-stressed plants and was present at especially high levels in leaves. Following 
stress exposure, AtClo-3 protein levels responded in a broadly similar way to the gene 
expression profile shown in figure 4.24. In particular, the protein was highly upregulated 
after salt treatment in leaves and flowers. Induction in root was slightly greater than the 
relatively minimal induction in both stem and silique. Broadly similar results were also found 
in the time course of AtClo-3 protein abundance (see figure 4.33) after exposure to 
increasing time periods of stress. The results are represented graphically in figure 4.34. As 
expected, salt stress resulted in the greatest upregulation of AtClo-3. This induction was 
apparent from 24 hours incubation which gradually increased to 72 hours exposure. A very 
slight upregulation was apparent in drought stressed leaf from 48 hours exposure which 
subsequently decreased after 72 hours exposure. Cold stress yielded a slightly greater 
response than drought stress although still significantly less than the salt stress. A marked 
increase in AtClo-3 was observed after 72 hours cold exposure which corresponded to the 
more gradual increase in gene expression observed after 24 hours exposure (see figure 4.25). 
Indeed, the obvious difference between all protein and gene temporal profiles was that the 
increase in level of translation products always lags behind that of gene transcription 
products. In these cases, protein levels were still rising (apart from drought stress) after 72 hr.   
Figure 4.32. Western blot analysis showing differential Clo-3 protein expression in 
Arabidopsis tissue to various short term abiotic stresses
Western blot analysis was carried out using the polyclonal Clo-3N B antibody. Total 
protein from 5 week old Arabidopsis ecotype Columbia plant leaves, stem, silique, 
flower and root exposed to various abiotic stress conditions were separated on a 10% 
Schägger polyacrylamide gel and detected using 1:1000 dilution serum. The apparent 
molecular weights in kDa are indicated. Stress conditions: Control untreated 
Arabidopsis plants; Cold stress Arabidopsis plants grown at 4oC in light for 7 days. Salt 
stressed Arabidopsis plants grown in hydroponic nutrient solution supplemented with 
200mM NaCl. Drought stressed Arabidopsis plants were removed from nutrient 
solution and left exposed to standard greenhouse conditions for 60 hours.
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Figure 4.34. Arbitrary densitometer readings 
from time-course Western blot (see 
figure 4.33)
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This investigation discovered significant AtClo-3 gene expression induction to ABA 
treatment which equalled or even surpassed the magnitude of induction of that after salt 
stress treatment. It was, therefore, at this stage in the investigation advantageous to spatially 
and temporally characterise the AtClo-3 protein expression profile when subject to ABA 
application. To begin with, however, the optimum ABA concentration and route of entry 
(either via hydroponic nutrient solution or foliar spray) was determined for induction of 
AtClo-3 in leaf and root. Differential ABA concentrations greater and less than 200 µM 
(which was the concentration utilised in the gene expression studies) were applied to 5-week 
old Arabidopsis plants grown hydroponically separately to the root system via nutrient 
solution supplementation or applied as a spray (once per day) to the foliage for a 72 hour 
incubation period. The ABA spray solution was supplemented with 20 mM Tween 20 
detergent to increase uptake through cell membranes.  The Western blot analysis presented in 
figure 4.35 shows that induction of AtClo-3 is ABA concentration-dependent in both root 
and leaf subject to treatment via hydroponic nutrient solution or foliar spray. As expected a 
greater induction of AtClo-3 is observed in the leaf regardless of treatment position at all 
concentrations. The optimum concentration which elicits the greatest AtClo-3 induction in 
root is 500 µM. A 1000 µM ABA concentration causes a dramatic reduction in expression to 
levels close to that of the untreated root. This may be associated with the cytotoxic effects of 
very high ABA concentrations. A similar expression profile was observed for foliar 
application of ABA in leaf tissue (see figure 4.36). Both foliar application and nutrient 
solution supplemented with 500 µM ABA showed the greatest induction although foliar 
spray at 200 µM also induced AtClo-3 to levels equalling that at 500 µM. Visual inspections 
of leaves treated with 1000 µM ABA showed discolouration, and leaf senescence which was 
concomitant with dramatic decrease in AtClo-3 protein suggests a cytotoxic effect. Foliar 
application of ABA was for operational reasons the preferred option as it was easier to 
administer. A 200 µM foliar applied spray was therefore used in subsequent experiments. 
Figure 4.36 also confirms that leaf and flower experience the greatest induction of AtClo-3 
protein expression when treated with ABA. 
 
At this stage in the investigations it was now possible to carry out a temporal characterisation 
of AtClo-3 protein in the tissue most responsive to ABA (leaf) (see figure 4.37). A foliar 
spray at the optimum ABA concentration was applied once per day to whole hydroponically 
growing 5-week old Arabidopsis. As is observed, a response to the ABA is apparent after just 
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Figure 4.36. Western blot showing differential Clo-3 protein expression in 
various Arabidopsis tissue exposed to ABA
Western blot analysis using the polyclonal Clo3 N B antibody. Total protein was 
extracted from the leaves, stem, silique, flower and root of 5 week old Arabidopsis
ecotype columbia plants exposed to 200 µM foliar spray of ABA. A 100 µg of each 
protein sample were separated on a 10% polyacrylamide gel and detected using 
1:1000 dilution of serum. The apparent molecular weights in kDa are indicated.  
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Figure 4.37. Western blot showing temporal Arabidopsis Clo-3 protein 
expression exposed to ABA treatment
Western blot was carried out using the polyclonal Clo3 N B antibody. Total 
protein was extracted from 5 week old Arabidopsis ecotype columbia plant 
leaves exposed to 0 to 72 hours of 200 µM of ABA (as indicated) applied as a 
foliar spray once per 24 hours. The protein samples each of 100 µg were 
separated on a 10% polyacrylamide gel and detected using 1:1000 dilution of 
serum. The apparent molecular weights are provided.
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24 hour incubation which markedly increases after 48 hour incubation and subsequently 
maintained after 72 hour. A graphical representation of the positive correlation between ABA 
treatment time and AtClo-3 protein expression is shown in figure 4.38. 
 
4.2.8 AtClo-3 RNA expression characteristics from cycloheximide treated Arabidopsis 
plants 
 
Previous research showed the induction of the ABA-and dehydration-responsive gene RD22 
by ABA was inhibited by cycloheximide (Yamaguchi-Shinozaki and Shinozaki, 1993), a 
potent inhibitor of eukaryotic protein synthesis. Thus, it appears that protein synthesis is 
required for the induction of this mRNA by ABA. By contrast, protein synthesis was not 
required for the ABA-responsive transcription of RD29 mRNA, which corresponds to 
another dehydration-responsive gene of Arabidopsis (Yamaguchi-Shinozaki and Shinozaki, 
1993). These results suggest that there are at least two mechanisms for the induction of 
dehydration-responsive genes by ABA. ABA induces AtClo-3 gene expression and as such it 
was of interest to determine whether de novo protein synthesis is required for AtClo-3 
transcript accumulation.  
 
Hydroponically-grown Arabidopsis plants were subject to 48 hours ABA treatment via the 
root system while the foliage was sprayed to saturation with 1mM cycloheximide several 
times per day. Appropriate controls were set-up. Total RNA was subsequently extracted from 
the leaves. Figure 4.39 clearly shows a marked reduction in the mRNA signal from 
cycloheximide-treated plants as opposed to untreated plants.  
 
 
4.2.9 AtClo-3 expression in ABA and transcription factor deficient mutants 
 
It was now apparent at this stage in the investigation that AtClo-3 is highly responsive to 
abiotic stress, particularly salt and the major stress hormone ABA. Osmotic and cold type 
abiotic stress responses are mediated in both an ABA dependent and/or independent manner 
(see chapter 1). ABA exerts its stress-responsive gene regulation through mediating the 
binding of transcription factors to ABA type responsive elements. It is likely AtClo-3 gene 
expression is downstream of ABA (see discussion) which itself is downstream of the stress 
Figure 4.38. Arbitrary densitometer readings 
from time-course Western blot (see 
figure 4.37)  
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Figure 4.39. Northern blot analysis showing the cyclohexidine mediated 
downregulation of Clo-3 from ABA treated Arabidopsis
Northern blot analysis was carried out using 20 µg total RNA extracted from 5 
week old Arabidopsis ecotype Columbia plant leaves previously treated with 
ABA via nutrient solution for 48 hours (Blot A) and those simultaneously 
sprayed frequently with 1 mM cyclohexidine to saturation (Blot B). The blots 
were probed with DNA generated from a full-length cDNA for the Arabidopsis
Clo-3. 
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stimuli. Therefore it would be interesting to utilise ABA-deficient mutants to determine the 
role of ABA in AtClo-3 regulation.  
 
The ABA1 deficient mutants block the epoxidation of zeaxanthin in Arabidopsis resulting in 
lower levels of ABA. Both aba1-1 and aba1-5 knock-down mutant plants and wild type 
Arabidopsis were grown hydroponically in a growth chamber under optimal growth 
conditions in an environment free of fluctuating temperatures. Ensuring optimum growth 
environment was of particular importance for the mutant plants, as such plants were unable 
to use ABA-mediated response strategies to circumvent stress. It is important to note that the 
aba1-1 mutant was part of a designated homozygous line from NASC. These mutant plants 
were observed to grow at a slower rate compared with the wild-type counterparts. The aba1-5 
mutant was segregating and as such the plants were a mixture of homozygous, heterozygous 
and wild-type plants. Results from this mutant must be analysed with caution as the result 
will be ‘diluted’ compared to that of the pure homozygous lines. Arabidopsis wild type and 
mutant plants (5-weeks old) were subject to either salt stress where by nutrient solution was 
supplemented with 200 mM of NaCl or cold exposure in which plants were subject to 4
o
C 
environmental temperature. In addition, appropriate wild type and mutant stress free controls 
were also set-up. Total protein was extracted from the leaf of all plants prior to running out 
on an SDS-PAGE gel and subsequent Western blot analysis using Clo3N B antibody. 
 
Figure 4.40 shows a very similar induction of AtClo-3 in wild type compared to that in the 
ABA deficient mutants when subject to cold stress suggesting cold induction is ABA-
independent. However, treatment of wild type Arabidopsis with salt elicited an expected 
induction of AtClo-3, whereas the salt stressed mutants showed a marked reduction in AtClo-
3 protein abundance (see figure 4.41). This demonstrates that AtClo-3 expression during salt 
stress is regulated via the ABA dependent pathway (see discussion). It should be noted that 
the slight induction of AtClo-3 in salt treated mutant leaves suggest either the ABA deficient 
mutants continue to synthesise slight levels of ABA in response to the salt stress and/or 
AtClo-3 is additionally regulated (albeit slightly) by the ABA independent pathway. 
 
In silico promoter analysis of AtClo-3 shows many cis-acting elements potentially implicated 
in both ABA dependent and independent gene regulation in response to osmotic stress (see 
table 3.1). Interestingly, oleosin gene expression is regulated via ABA-responsive elements 
(ABREs) (Keddie et al., 1992; Ross and Murphy, 1993). While ABA-deficient mutant data 
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suggests AtClo-3 is regulated in an ABA and ABA-independent manner, cycloheximide 
treatment data demonstrates AtClo-3 mRNA synthesis is partly dependent upon de novo 
protein synthesis. Therefore, the subsequent use of knockout mutants for the transcription 
factors which bind their partner cis-acting elements should elucidate which of the cis-
elements (if any) are responsible for AtClo-3 expression regulation.  
 
A great variety of Arabidopsis mutants are available to researchers from the two major 
Arabidopsis molecular resource centres (NASC and TAIR). In this study, three segregating 
flank-tagged T3-generation T-DNA insertion knock-out lines (SALK) and one T-DNA 
mutagenised (SAIL) for trans-acting elements were used. AtMYC2 and AREB1 are both 
involved in osmotic stress mediated ABA-dependent gene regulation while DREB2A and 
DREB1A are implicated in osmotic and cold stress mediated regulation chiefly independent 
of ABA (see chapter 1 and discussion). While the atmyc2 and areb1 mutants were part of the 
homozygous lines, dreb1a and dreb2a were segregating and thus any result obtained with 
these mutants will be diluted somewhat. A similar experimental design was implemented 
here as that for the ABA- deficient mutant experiment. Wild type and the four T-insertion 
knock-out lines were grown hydroponically under optimal conditions in a growth chamber 
until 5-weeks old. The nutrient solution was subsequently supplemented with 200 mM NaCl 
for 72 hours to emulate salt stress. In addition, plants were treated independently with 200 
µM of ABA applied as a foliar spray. Appropriate negative stress controls were also set-up 
which involved spraying the plants with water. 
 
The response of AtClo-3 protein expression to salt stress and optimum ABA treatment in 
wild type against that of the knock-out plants for the ABA-dependent transcription factors 
(AtMYC2 and AREB1) is shown in figure 4.42. AtClo-3 was expressed in the knock-out 
lines at much reduced levels when subject to salt or ABA treatment suggesting that both 
AtMYC2 and AREB1 transcription factors might be involved in the ABA-dependent 
regulation of AtClo-3 expression, not unlike the expression regulation of proteins RD22 and 
RD29B. 
 
An experiment was also conducted with DREB2A mutant plants. This transcription factor is 
involved in regulating RD29A in an ABA-independent manner via binding to DRE/CRT (see 
chapter 1) (Yamaguchi-Shinozaki and Shinozaki, 2005). However, in silico promoter 
analysis shows that AtClo-3 possesses DRE/CRT cis-acting element (CCGAC) to which the 
Figure 4.42. Western blot analyses showing a comparison of Clo-3 expression 
patterns in Arabidopsis wild type and mutants AtMYC2, AREB1 subject to salt 
stress
Western blot analysis was carried out using the polyclonal Clo3 NB antibody. Total 
protein was extracted from 5-week old Arabidopsis leaves from ecotype Columbia 
plants, AtMYC2 and AREB1 mutants  were previously either untreated (control) or 
exposed to salt or ABA treatment as indicated. The protein samples each of 100 µg were 
subsequently separated on a 10% polyacrylamide gel and detected using a 1:1000 
dilution of serum. The apparent molecular weights in kDa are indicated. 
Salt stress conditions: Nutrient solution of hydroponically grown plants was 
supplemented with 200 µM NaCl for 24 hours.
ABA treatment: Hydroponically grown plants were exogenously sprayed to saturation 
with 200 µM ABA.
Gel A lanes: 1, untreated wild type; 2, salt stressed wild type; 3, ABA treated wild type; 
4, untreated AtMYC2 mutant; 5, ABA treated AtMYC2 mutant; 6, salt stressed 
AtMYC2 mutant.
Gel B lanes: 1, untreated wild type; 2, salt stressed wild type; 3, ABA treated wild type; 
4, untreated AREB1 mutant; 5, ABA treated AREB1 mutant; 6, salt stressed AREB1 
mutant.
AB
27 kDa
27 kDa
1 3 4 5 62
1 2 3 4 5 6
AtMYC2
AREB1
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DREB2A trancripiton factor may bind (Athena database). It was observed that the DREB2A 
mutant experiences a AtClo-3 protein expression induction after salt treatment (figure 4.43) 
which is slightly less than that experienced in wild type leaf (see figure 4.43). However, the 
ABA mediated induction of AtClo-3 protein is equal in both the mutant and wild-type plants. 
This suggests that the ABA-independent DREB2A transcription factor may play a role in 
ABA- independent AtClo-3 regulation to salt stress; however, the ABA-dependent pathway 
is the predominant signalling pathway (see discussion). 
 
Cold stress also induces AtClo-3 at both the gene and protein level (see figures 4.24 and 
4.32). However, the use of the DREB1A mutant lacking the corresponding transcription 
factor in the ABA-independent gene expression regulation to cold stress showed no apparent 
difference in AtClo-3 expression to cold exposure to that in wild-type plants. This suggests 
DREB1A may not play a role in AtClo-3 induction during cold stress (see figure 4.44). 
 
4.2.10 Induction of AtClo-3 as detected by immunocytochemistry during abiotic stress 
and ABA treatment 
 
Previous studies had not determined the subcellular localization of Atclo-3 using 
immunoflourescence or transmission electron microscopy, therefore, it was important to do 
so here. Results and discussion of such localisation studies are presented in chapter 6 and will 
not be repeated here. However, it is important to note at this point in the investigation the 
utilisation of the Clo3N B antibody in immunocytochemical studies showed a definitive 
increase in labelling in particular after salt stress and ABA treatment. Figure 4.45 tentatively 
suggests an apparent increase in immunofluoresence labelling in salt stressed leaf against 
unstressed leaf both close to and possibly in the apoplast, chloroplasts and other plastids. As 
such, the results may be consistent with the gene and protein expression studies. However, 
further investigation is required to verify this. 
 
4.2.11 Peroxygenase activity 
 
The seed-specific caleosin isoform, AtClo-1, has been demonstrated to have a histidine-
dependent peroxygenase activity (Hanano et al., 2006) but similar activities have not been 
previously reported for other caleosin isoforms, most notably the stress-induced AtClo-3, 
which this investigation demonstrates to be especially upregulated in stressed leaves. An 
Figure 4.43. Western blot analyses showing a comparison of Clo-3 expression 
patterns in Arabidopsis wild type and mutant DREB2A when subject to salt 
stress
Western blot analysis was carried out using the polyclonal Clo3 NB antibody. Total 
protein was extracted from 5-week old Arabidopsis leaves from ecotype Columbia
plants and DREB2A mutant which were previously either untreated (control) or 
exposed to salt or ABA treatment as labelled. The 100 µg protein samples were 
subsequently separated on a 10% polyacrylamide gel and detected using a 1:1000 
dilution of serum. The apparent molecular weights in kDa are indicated.
Salt stress conditions: Nutrient solution of hydroponically grown plants were 
supplemented with 200 µM NaCl for 24 hours.
ABA treatment: Hydroponically grown plants were exogenously sprayed to saturation 
with 200 µM ABA.
Lanes: 1, untreated wild type; 2, ABA treated wild type; 3, Salt stressed wild type; 4, 
untreated DREB2A mutant; 5, ABA treated DREB2A mutant; 6, salt stressed 
DREB2A mutant.
27 kDa
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Figure 4.44. Western blot analyses showing a comparison of Clo-3 
expression patterns in Arabidopsis wild type and mutant DREB1A when 
subject to cold stress
Western blot analysis was carried out using the polyclonal Clo3 NB antibody. Total 
protein was extracted from 5-week old Arabidopsis leaves from ecotype Columbia
plants and DREB1A mutant which were previously either untreated (control) or 
exposed to 96 hours cold stress. The 100 µg protein samples were subsequently 
separated on a 10% polyacrylamide gel and detected using a 1:1000 dilution of serum. 
The apparent molecular weights in kDa are indicated.
Cold stress conditions: Plant incubated for 96 hours at 4OC under 16 hours light/8 
hours darkness.
Lanes: 1, unstressed wild type; 2, Cold stress wild type; 3, unstressed DREB1A 
mutant; 4, Cold stressed DREB1A mutant.
27 kDa
1 2 3 4
Figure 4.45. Immunofluorescence images of Arabidopsis Clo-3 in leaf tissue
A: Negative control, unstressed  5-week old leaf stained with Alexa fluor 568 conjugated 
2nd antibody. Total magnification 200X
B: Unstressed 5-week old leaf stained with Clo 3N B 1st antibody and Alexa fluor 568 
conjugated 2nd antibody. Total magnification 200X
C: Salt stressed 5 –week old leaf stained with Clo 3N B 1st antibody and Alexa fluor 568 
conjugated 2nd antibody. Stress conditions: hydroponically grown Arabidopsis treated with 
200mM NaCl for 72 hours prior. Total magnification 200X
AB
C
Table 4.1. Peroxygenase activity in microsomes from control and salt-stressed 
leaves. 
0.5 mg protein used per assay
(see chapter 2 for assay methodology and appendix 2 for assay raw data). 
40.50 ±0.25Stressed
34.00 ± 1.00Control
Velocity (µM.min-1 mg-1 protein)
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examination of peroxygenase activity by following the oxidation of aniline to nitrosobenzene 
in microsomal fractions from leaves was conducted. The total peroxygenase activities of 
microsomes (0.5 mg protein/assay) from control leaves in which caleosin protein levels were 
relatively low were in the range of 34 ± 1 µM nitrosobenzene formed/min/mg protein which 
is the within the expected order of magnitude (Hamberg and Hamberg, 1996). In contrast, 
peroxygenase activities of microsomes from salt stressed leaves (250 mM NaCl x 48 hour) in 
which caleosin protein levels were modestly upregulated were in the range of 40.5 ± 0.25 µM 
nitrosobenzene formed/min/mg protein. While in a total microsomal fraction, peroxygenase 
activity could result from several enzymes, the modest, but consistent increase after salt 
stress followed a significant increase in AtClo-3 protein levels and is indirect evidence 
consistent with the activity of AtClo-3 as a peroxygenase in vivo. 
 
4.2 Discussion 
 
Caleosins were discovered simultaneously by two independent groups as a consequence of 
their response to osmotic stress. It was Chen et al (1998) who discovered the seed-specific 
Clo-1, whilst Frandsen et al (1996) discovered Clo-3 (EFA27) in response to ABA and 
osmotic stress in rice. Later studies concentrated on and characterised the seed-specific Clo-1 
with little regard for other Clo isoforms. Clo-1 is located (as is oleosin) on the surface of oil 
bodies. However, unlike oleosin, Clo-1 contains functional domains such as EF-hand calcium 
binding domains and several phosphorylation sites. Therefore, Clo-1 was suggested to play a 
greater dynamic role than oleosin and as such thought to be involved in membrane and lipid-
body fusion. Poxleitner et al (2006) provided the first experimental data to suggest the Clo-1 
role in seed development and germination. Frandsen et al (1996) showed the Clo-3 gene was 
responsive to ABA and osmotic stress while microarray data also corroborated that at the 
gene level in Arabidopsis seedlings total tissue (Bio-Array Resource for Arabidopsis 
Functional Genomics). Much of the published work associated with caleosin concentrates on 
the seed-specific Clo-1 with little regard for the other family members. This study therefore 
addresses the lack of data associated with Clo-3 and other isofoms through the extensive 
spatial and temporal characterisation of the stress responsive Clo-3 in a variety of model 
plant systems both at the gene but more importantly at the protein level where its effects on 
the plant may be realised. 
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4.3.1 Characterisation of Arabidopsis AtClo-1 antibodies 
 
Previous work confirmed the presence of two caleosin isoforms using the highly resolving 
Schägger buffer SDS-PAGE. This study confirmed the advantage of the increased resolution 
this system afforded in the molecular weight range of between 20-30 kDa in which all known 
confirmed and putative caleosin isoform molecular weights reside. As such the Schägger 
buffer system was the standard system used for all SDS-PAGE gels. 
 
Of the antibodies raised against various amino acid sequences of AtClo-1, the c-clo and α 
clo1 antibodies recognised the 25 kDa isoform. However only the n-clo antibody which was 
raised against residues 1-92 of the Arabidopsis AtClo-1 isoform and includes the EF-hand 
Ca
2+
 binding motif was shown to cross-react with both the 25 and 27 kDa caleosin isoforms 
in Brassica napus, Brassica rapa and Sinapis alba model plant systems. This recognition 
confirmed the common sequence homology or structures at these epitopes. Moreover, all the 
antisera were polyclonal, representing a number of epitopes which would tend to maximise 
any cross reactivity and highlights the ubiquitous nature of caleosins in plants. Plant model 
systems other than Arabidopsis were utilised in preliminary stress responsive studies due to 
their significant germination, growth and biomass advantages. 
 
The 27 kDa membrane bound isoform was at the time of the Hernandez-Pinzon et al (2001) 
study thought to be Clo-3. It is a 236 residue protein of predictive mass 25.5 kDa which is 
close to the observed value on an SDS-PAGE of 27 kDa. It is unlikely to be the gene product 
of Clo-4 or Clo-5 for the following reasons: Firstly, with only 192 and 195 residues, 
respectively, the predicted molecular weights of the Clo-4 and Clo-5 gene products are 
almost 5 kDa less than that of AtClo-1 and AtClo-3 and yet despite the sequence similarities 
of all these proteins, no bands were present in the 20-22 kDa region of Western blots from 
any tissue using any of the Arabidopsis specific AtClo-1 antibodies. Secondly, some of the 
caleosins may be post-translationaly modified. Indeed, this investigation has revealed stress-
dependent phosphorylation of caleosin (see chapter 6). However, phosphorylation will only 
add less than 1 kDa to the relative mass, so the Clo4/5 gene products still would not equal the 
apparent 27 kDa when run out on SDS-PAGE gel. Only AtClo-1 has a potential N-
glycosylation sequence (at residues 108-111) but this protein is seed specific. An online 
glycosylation predictor program (available at http://comp.chem.nottingham.ac.uk/glyco/) 
shows several AtClo-3 putative glycosylated amino acid residues. As such it is not possible 
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to dismiss the difference in molecular weight as a consequence of glycosylation. So far it has 
not been possible to directly sequence the 27 kDa isoform as a consequence of limited 
antibody, however, this investigations direct comparison of protein to gene expression 
profiles provides correlative evidence that the stress responsive 27 kDa isoform is the AtClo-
3 gene product (discussed below). 
 
4.3.2 Fate of caleosin isoforms during germination in Brassica napus 
 
In order to detect and, therefore, follow the fate of the caleosin isoforms against that of 
oleosin during the germination of Brassica napus, the same immunoblot was probed 
simultaneously with n-clo and oleosin antibodies. The changing pattern of caleosin isoform 
was determined in three tissues (cotyledon, stem and radicle/root) of the seedlings and 
broadly confirmed that previously reported by Hernandez-Pinzon et al (2001). The 27 kDa 
isoform was not detected until day 3 after imbibition after which it increased to a steady 
state. The 25 kDa isoform highly abundant in dry seed decreased to levels undetectable after 
6 DAI. However, the use of highly concentrated n-clo antibody in this investigation showed 
that the 27 kDa isoform is also present in dry mature seed not previously reported by 
Hernandez-pinzon et al (2001), albeit at relatively low levels compared to the 25 kDa 
isoform. This is, however, not surprising as the endoplasmic reticulum is a major 
compartment of storage protein and lipid biosynthesis and as such will be present in dry seed. 
Maximal synthesis of storage compounds occurs during seed development while germination 
is associated with breakdown of TAG which is concomitant with an increase in the 27 kDa 
isoform 1-3 DAI. This implies that the appearance of the 27 kDa isoform, 1-3 DAI is not 
directly related to lipid-body mobilisation but might rather be associated with the re-
establishment of the ER network which becomes much increased during seed germination. 
 
In addition to the Hernandez-Pinzon et al (2001) study, this investigation also carried out 
differential caleosin isoform expression profiling in the radicle of germinating seedlings. A 
similar expression profile 1-2 DAI was observed as that in stem and cotyledon with two 
obvious differences:  
 
The apparent observed increase in abundance of both isoforms in dry seed and radicles 
compared to stem and cotyledon 1-2 DAI was a consequence of the use of a greater 
concentration of n-clo antibody. 
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It can be seen that the 27 kDa protein profile suddenly and dramatically changes in radicles 
after 2 DAI such that a significant decrease occurs in the apparent abundance of the isoform. 
The 27 kDa is thought to be membrane bound and present in the ER and assuming protein 
loading was uniform, this suggests a greater ER network in association with very young 
radicles. Moreover, this investigations biochemical data showed that the subcellular location 
of the AtClo-3 isoform includes chloroplasts and possibly even other plastids of green tissue 
(see chapter 6), corroborating the increased abundance of AtClo-3 observed in older green 
tissue (cotyledon and stem) as opposed to non-green root.  
 
4.3.3 Gene and protein characterisation of Clo-3 expression profiles to abiotic stress  
 
The most interesting and novel aspect of this study was the complete spatial and temporal 
characterisation of AtClo-3 in mature 5-week old unstressed and stressed Arabidopsis, not 
only at the gene but at the protein level. Stress experiments utilising the avid n-clo antibody 
in three model plant systems Brassica napus, Brasica rapa and Sinapis alba showed 
upregulation of Clo-3 to abiotic stress particularly salt stress at the protein level. However, 
the induction of Clo-3 was observed only after longer term chronic stress whereas that in 
Arabidopsis was also observed in the short-term. The reason for this phenomenon is probably 
a function of plant size and consequently stress tolerance. Mature Brassica napus and Sinapis 
alba are less sensitive to changes in their environment at the protein level compared to the 
significantly smaller and delicate Arabidopsis.  
 
Neither heat, water stress nor long days had any effect on Clo-3 induction in Brassica napus 
and as such the stresses were disregarded from further experiments.   
 
As previously mentioned in the results section of this chapter, the lyophilised supply of the 
avid n-clo antibody was at this stage in the investigation running out. This was in hindsight 
advantageous, as it necessitated the development of a new suite of caleosin specific 
antibodies raised against various domains of the caleosin isoforms. The previously utilised 
antibody (n-clo) was raised against AtClo-1. As antibody and in silico analysis demonstrated 
the likely stress-mediated candidate as being AtClo-3 (see results), a specific antibody was 
raised against a highly specific primary sequence of Arabidopsis AtClo-3. Arabidopsis was 
the selected plant model for further experiments as a consequence of the wide availability of 
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ESTs and full length gene-specific cDNAs for use in gene expression studies. This was 
fundamental to confirming Western blot detection of the stress responsive 27 kDa band as 
AtClo-3. 
  
In order to characterise the three novel Arabidopsis-specific caleosin antibodies (Clo-4/5, 
AtClo-3 and Clo-trykin), each antibody was used to detect proteins present in seed and 
vegetative tissue total protein fractions in unstressed tissue against stressed tissue. 
Preliminary experiments showed that one antibody in particular (Clo3N from rabbit B) 
showed an induction of the 27 kDa signal to drought and salt stress in Arabidopsis leaf. The 
Clo4/5 antibody also detected proteins within the molecular weight range of Arabidopsis 
caleosins (20-30 kDa). One band of approximate apparent molecular weight 27 kDa was 
induced by osmotic stress and as such is likely to be AtClo-3, while the band at 20 kDa 
which is the predicted molecular weight of Clo-4/5 isoform was not responsive to osmotic 
stress. In the absence of specific gene expression data this suggests that it is likely to be the 
Clo4/5 isoform. Indeed, Northern blot data confirmed that the gene which encodes the Clo4/5 
isoform is also unresponsive to salt stress (see figure 4.31) and as such the observed 20 kDa 
protein band was confirmed as the Clo-4/5 isoform. 
  
Similarly, to dispel the uncertainty that the band of apparent molecular mass of 27 kDa as 
detected by polyclonal antibodies was definitively AtClo-3, direct sequencing of the protein 
from the blot was suggested. However, as previously mentioned it was never accomplished 
due to limited antibody since immunoprecipitation requires large volumes of antibody. 
Nevertheless, as was the case for Clo4/5, it was possible to characterise AtClo-3 gene 
expression profiles from unstressed against stressed Arabidopsis utilising highly specific 
AtClo-3 ESTs or gene-specific full length cDNA. Therefore, assuming gene expression 
patterns paralleled that of the protein (although it was appreciated that post-translational 
modifications may change this assumption) it was decided to carry out AtClo-3 expression 
characterisation at the gene level.  
 
The Takahashi et al (2000) RD20 (AtClo-3) study in addition to publicly available 
microarray data suggested AtClo-3 response to osmotic stress and ABA, however, the data is 
of limited value with regard to a complete spatial AtClo-3 gene expression profile 
characterisation as total RNA extracted was limited to that from whole Arabidopsis 
seedlings. Therefore, the present study concentrated on 5-6-week old mature Arabidopsis 
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plants from which total RNA and protein extraction from differential tissue was possible with 
subsequent Northern and Western blot analysis. The signals on the Northern and Western 
blots were also read on a densitometer. Although the readings are arbitrary, they do give an 
idea of the quantitative expression profiles of AtClo-3 against different treatments at both the 
gene and protein level, respectively.  
 
Both Northern and Western blot spatial expression profile data showed AtClo-3 induction in 
response to abiotic stress (drought, salt and cold) in all tissue but particularly to salt and ABA 
treatment in leaf and flower. Temporal gene expression studies showed that AtClo-3 is 
upregulated within hours rather than minutes after stress. Moreover, it is interesting to 
observe that AtClo-3 gene expression paralleled that of its protein expression albeit with the 
understandable delay of mRNA transcription to protein translation by approximately 24 
hours. For example, AtClo-3 gene expression was induced within 5-10 hours of exposure to 
salt and ABA treatment with a corresponding induction of AtClo-3 protein synthesis 
approximately 24 hours later. Cold stress induced AtClo-3 gene expression markedly, 
approximately 24 hours after exposure with corresponding protein synthesis 48 hours after 
exposure. While the time required for biopolymer synthesis contributes to this lag, it also 
suggests that AtClo-3 is not dramatically altered by post-translational modifications and that 
its function is such that a more delayed upregulation rather than an immediate response is 
sufficient for its stress related function. As such the gene may be categorised as ‘delayed’ in 
response to induction.  
 
All transcriptional regulatory networks are associated with various stress responsive genes 
which can be broadly categorized as early and late/delayed induced genes. The early induced 
genes are a rapid and emerging response to abiotic stress and/or ABA and are upregulated 
within minutes of stress perception. Various transcription factors are included in the list of 
early genes as the induction of these genes does not require the synthesis of new proteins, 
and signalling components as they are already primed (Mahajan and Tuteja, 2005). Their 
products can activate the expression of delayed genes. Most of these genes are activated 
more slowly i.e. after hours of stress perception, and expression is often sustained (Tuteja, 
2007). These genes include the major stress responsive genes such as RD (responsive to 
dehydration) /KIN (cold induced)/COR (cold responsive). Figure 1.3 shows the 
transcriptional regulatory networks, cis-acting elements and associated transcription factors 
involved in osmotic and cold stress in Arabidopsis and provides examples of such 
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transcriptional level early responses and delayed gene induction responses. This 
investigations gene expression studies show AtClo-3 induction hours (rather than minutes) 
after exposure to stress which then differentially increases and/or is sustained with time and 
as is such categorised as a slow and adaptive responsive gene comparable to RD29A, RD29B 
and RD22 (Bio-Array Resourse). It is interesting at this juncture, that the drought stress 
experienced by this studies Arabidopsis can not be compared to drought stress in the field. 
Subject plants were removed from hydroponic nutrient solution and subsequently exposed to 
greenhouse conditions whilst on top of filter paper. Therefore, the drought stress experienced 
here was acute as opposed to gradual and chronic. Nevertheless, the fact that AtClo-3 mRNA 
was induced several hours after exposure to drought stress, further suggests the ‘delay’ gene 
nature of AtClo-3.  
 
While the 27 kDa stress responsive band on gels and blots can not be confirmed as AtClo-3, 
the extensive gene expression studies provide correlative evidence suggesting that the band 
of apparent mass of 27 kDa on SDS-PAGE gels and subsequent immunoblots represents the 
highly stress responsive AtClo-3. 
 
This investigation demonstrates that AtClo-3 expression is induced by ABA in addition to 
osmotic and cold stress at both the gene and protein level. Therefore, AtClo-3 is regulated in 
an ABA-dependent manner. However, this is not surprising as in silico AtClo-3 promoter 
analysis revealed numerous cis-acting elements which when bound to their corresponding 
transcription factors directly mediate osmotic and cold stress gene transcription. Moreover, 
transcription factor-mediated gene regulation occurs via ABA-dependent and ABA-
independent signalling pathways. Abscisic acid plays a variety of roles in plant development, 
bud and seed dormancy, germination, cell division, leaf senescence and abscission. However, 
it is also known as the major environmental stress phytohormone. It is ubiquitous in lower 
and higher plants and has also been found in algae and even mammalian brain tissue (Le 
Page-Degivry et al., 1986). ABA is produced under osmotic water deficit conditions and 
plays an important role in the tolerance response of plants to the osmotic stress components 
of drought, salt and freezing stress.  
 
Microarray studies have described genes that are induced by dehydration and cold stresses 
that do not respond to exogenous ABA treatment (Fowler and Thomashow 2002). This 
suggests the existence of ABA-independent, in addition to ABA-dependent, signal 
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transduction cascades between the initial stress perception and ultimate expression of specific 
abiotic stress-responsive genes. Some genes such as the Arabidopsis RD29A are induced by 
drought, cold and ABA. However, the AtClo-3 gene is induced in ABA-deficient (aba) or 
ABA insensitive (abi) mutants by both drought and cold stress which indicates that it is 
governed by both ABA-dependent and -independent regulation under osmotic and cold stress 
conditions. ABA-dependent signalling terminates with transcription factors binding to ABA 
responsive elements (ABRE) or ABR-like elements (ABRE-like) while ABA-independent 
signalling ultimately mediates the binding of transcription factors to dehydration responsive 
element/C-repeat (DRE/CRT).  
 
Interestingly, oleosin contains numerous ABRE within its promoter region and is regulated in 
an ABA-dependent manner. These facts inspired the use of both ABA deficient and ABA-
dependent/independent transcription factor knockout mutants to determine the extent (if any) 
ABA and ABA-dependent/independent transcription factors play in regulating AtClo-3 
expression during abiotic stress and ABA induction. It should be noted that while Northern 
blot data provided AtClo-3 gene response to stress, the technique (utilising non-radioactive 
DIG labelled probes) was at the time very challenging. Therefore, as protein expression 
closely followed that of the gene albeit with an expected lag between transcription and 
protein synthesis, it was decided to utilise Western blot analysis for knock-out mutant 
studies. 
 
4.3.4 Knock-out mutants 
 
Certain hypotheses to test may be suggested prior to the use of the mutant plants regarding 
ABA dependent/independent AtClo-3 regulation. AtClo-3 is highly responsive to osmotic 
stress and ABA, it is therefore probable that osmotic stress is mediated in an ABA dependent 
manner. However, the ABA-independent regulation of AtClo-3 is also a possibility as AtClo-
3 contains DRE/CRT (see table 3.1). AtClo-3 is also moderately responsive to cold stress. 
Previous studies show that cold stress responsive gene expression is independent of ABA and 
as such it is probable AtClo-3 is regulated as such (Agarwal et al., 2006; Sharma et al., 
2005). 
 
In order to experimentally test these hypotheses, aba1-deficient mutants were utilised. ABA1 
blocks the epoxidation of zeaxanthin in Arabidopsis resulting in lower levels of ABA. Cold 
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stress continued to induce AtClo-3 in the ABA-deficient mutant suggesting AtClo-3 is 
regulated in an ABA-independent manner (see figure 4.38). Moreover, this study also 
showed that salt stress induction of AtClo-3 is mediated independently of ABA, however, the 
reduced induction shown in the mutant (see figure 4.37) suggested that ABA-dependent 
regulation is important. This was encouraging as the AtClo-3 promoter contains numerous 
putative cis-acting elements which are both ABA-dependent (ABRE, MYBRS and MYCRS) 
and ABA independent (DRE/CRT). Moreover, the study revealed that ABA-mediated AtClo-
3 mRNA induction required at least, in part, de novo protein synthesis of certain transcription 
factors and as such are not simply available in situ or for immediate cis-elements binding 
(see 4.3.4.1 for discussion).  
 
4.3.4.1 ABA dependent mediated regulation of AtClo-3 expression to osmotic stress 
 
In silico analysis shows that the AtClo-3 promoter region contains 4 ABRE-like and 1 
ABRE. The transcription factors that bind the ABRE are are bZIP transcription factors 
referred to as ABRE-binding (AREB) proteins or ABRE-binding factors (ABF) (Yamaguchi-
Shinozaki and Shinozaki, 2005) (see figure 1.6).  
 
It is interesting that a single copy of the ABRE is not sufficient for ABA-responsive 
transcription. Additional copies of the ABRE or coupling elements are necessary for ABA-
responsive gene expression. For example two ABRE sequences are necessary for the 
expression of the Arabidopsis RD29B in seeds and vegetative tissue (Uno et al., 2000). One 
of these ABRE sequences might function as coupling element where as ABA–responsive 
regulation of wheat HVA1 and HVA22 genes require coupling elements such CE1 and CE3 
in addition to the ABRE (Shen et al., 1996). The AtClo-3 gene contains 4 putative ABRE 
like motifs and, as such, limited ABRE sequences associated with AtClo-3 and its gene 
regulation is not an issue. 
 
In summary, ABRE/ABF regulates ABA and abiotic stress mediated, ABRE-dependent gene 
expression in an ABA-dependent manner that enhances drought tolerance in vegetative tissue 
(Fujita et al., 2005). 
 
It is interesting to note that the cycloheximide-mediated effect on AtClo-3 mRNA induction 
is part-way between that of RD22 and RD29A mRNA induction. Cycloheximide-treated 
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plants show a modest reduction in mRNA signal, whereas it is completely inhibited or 
remains unchanged with regard to RD22 and RD29A mRNA, respectively (Yamaguchi-
Shinozaki and Shinozaki, 1994). Moreover, all three genes are responsive to ABA and 
osmotic stress. However, in silico promoter analysis reveals that the RD22 promoter region 
possess two AtMYC2 RD22 motifs and one AtMYB2 RD22 motif adjacent to each other, 
while possessing only 1 ABRE like motif (Arabidopsis thaliana expression network analysis 
[Athena]). The significance of this is that MYC and MYB recognition sites in the RD22 
promoter function as cis-acting elements and require the cooperative binding of both 
AtMYC2 transcription factor (rd22bp1) and MYB transcription factor (AtMYB2) (Abe et al., 
2003). Moreover, both aforementioned transcription factors must be synthesised de novo, 
which is stimulated by ABA, for activation of gene expression (Abe et al., 2003). 
Conversely, the single ABRE-like motif present is probably not sufficient for the AREB- 
mediated activation of gene expression which need not require ABA induced de novo protein 
synthesis. As such cycloheximide-mediated inhibition of AtMYB2 and AtMYC2 protein 
synthesis inhibits RD22 gene expression. Conversely, RD29A might be upregulated via the 
ABA-induced DRE binding protein 1D (DREB 1D) binding (Haake et al., 2002) to the four 
DRE core motifs. DREB 1D is the only known ABA-dependent DREB. DREBs do not 
require de novo protein synthesis but rather phosphorylation to facilitate their binding. 
Furthermore, while RD29A possesses one AtMYC2 and one AtMYB2 like (MYB1AT) 
motifs, they are not adjacent to each other, precluding the necessary interaction. As such, 
mRNA induction is not affected by cycloheximide. However, the AtClo-3 promoter contains 
four ABRE-like motifs, one ABRE motif, two DRE core motifs in addition to one AtMYC2 
and one MYB2 like motif located adjacent to each other which is required for gene 
expression induction (Yamaguchi-Shinozaki and Shinozaki, 2005). This studies 
cycloheximide data is consistent with this in silico analysis of the AtClo-3 promoter in that it 
possesses all required cis-acting elements required for both ABA-mediated protein synthesis 
dependent AtMYC/MYB mediated gene regulation in addition to ABA-dependent but 
protein synthesis independent mediated gene regulation i.e. ABRE, while also possessing 
DRE core motifs chiefly for ABA-independent gene transcription (see figure 1.3). However, 
the use of transcription factor knockout mutants should provide indirect experimental 
evidence of their potential roles in AtClo-3 expression regulation. 
 
It is interesting to note that as opposed to ABREs, the ABA induced transcription factors 
(AtMYC2/AtMYC2-like and AtMYB2) that are synthesised after the accumulation of 
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endogenous ABA indicate they play roles in the late stage of the plants response to abiotic 
stress. This is reflected in the publicly available microarray data which shows that RD22 is 
upregulated albeit slightly, 3 hours after exposure to dehydration and maximal expression 
occurs 6 to 24 hours after exposure (Bio-array resource: http://bbc.botany.utoronto.ca/). This 
investigations’ Northern blot time course data shows similar results in that maximal AtClo-3 
transcript abundance to salt stress is around 24 hours after exposure. This data therefore begs 
the question: Is AtClo-3 expression regulated via the putative MYB and MYC cis-acting 
elements present in its promoter region? 
  
In order to determine whether the putative ABRE, ABRE-like motifs and AtMYC2 binding 
site play a role in the ABA-dependent regulation of AtClo-3 expression, both AREB1 and 
MYC2 knock-out mutant plants were used in stress experiments. The two mutants were 
subject to ABA and salt stress treatment and compared to wild type. The experiment showed 
that AtClo-3 induction in both mutants when subject to salt stress and ABA treatment was 
significantly less when compared to that in wild type (see figure 4.39). This experimentally 
demonstrates that the AtClo-3 protein expression and by default gene expression is regulated 
by the binding of AREB1 and MYC2 transcription factors to the AtClo-3 ABRE and MYCR 
recognition sites respectively, in an ABA-dependent manner. Interestingly, microarray data 
showed that the RD22 protein is less sensitive to ABA and showed decreased ABA-induced 
gene expression in the AtMYC2 mutant (Abe et al., 2003). 
 
4.3.4.2 ABA independent mediated regulation of AtClo-3 expression to osmotic and cold 
stress 
 
The ABA deficient mutant experiment provided tentative evidence that AtClo-3 expression 
may be, in addition to ABA-dependent regulation, mediated via ABA-independent signalling 
pathways.  Indeed, in silico promoter analysis demonstrates AtClo-3 containing 2 DRE/CRT 
core motifs. 
 
Abiotic stress, ABA-independent-mediated expression of the DREB/CBF genes is 
differentially regulated by DREB1 and DREB2. The general consensus amongst the literature 
is that DREB1/CBF genes is induced by cold, but not by dehydration or salt stress, whereas 
the DREB2 genes are induced by dehydration and salt stress, but not cold stress (Yamaguchi-
Shinozaki and Shinozaki, 2006). Indeed, DREB2 maybe regarded as the transcription factor 
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that facilitates crosstalk between ABA-independent osmotic stress and ABA-independent 
cold stress signal transduction pathways (Fig 1.3). However, recent evidence supports the 
fact that DREB1A is also induced by drought in transgenic tall fescou (Zhao et al., 2007) 
suggesting crosstalk between the ABA independent mediated osmotic stress response and 
DREB1A, such is the complexity of this transcription regulatory pathway. 
 
The use of knock-out mutants for the ABA-independent transcription factor (DREB2A) in 
this investigation provided two-fold, direct experimental evidence to demonstrate AtClo-3 
regulation during salt and probably drought stress is mediated by the ABA-independent 
binding of DREB2A to its DRE/CRT core element. Firstly, it is observed that the dreb2a 
mutant showed a detectable but reduced AtClo-3 protein expression in the dreb2a knock-out 
mutant during salt treatment compared to that in wild type (see figure 4.42). Secondly, the 
expression of AtClo-3 protein after ABA treatment was equal in both the mutant and wild 
type plants. This is no surprise as DREB2A binding is independent of ABA and as such 
should not be influenced to any great extent by ABA. Furthermore, as the dreb2a mutants 
were derived from segregating lines, this investigations result may be less than that expected 
compared to that from pure homozygous lines. These findings corroborate the data generated 
in ABA-deficient mutant experiment (see figure 4.40) in that salt mediated AtClo-3 
expression is in part regulated independently of ABA. It is also of interest at this juncture that 
DREB2A expression is SA and ROS-dependent which suggests redox control of DREB2A 
expression. The investigation shows AtClo-3 induction by both SA and ROS (see chapter 5) 
which might be dependent on its promoter-based W-box. However, should DREB2A bind to 
AtClo-3 DRE/CRT elements as a consequence of biotic stress mediated SA and/or ROS 
accumulation, consequently provides an additional means of AtClo-3 upregulation and 
abundance during biotic stress. 
 
The AtClo-3 promoter also contains one putative DREB1A/CBF3 motif which is itself 
regulated through post-translational modification of an upstream ICE1 transcription factor. 
Activated ICE1 may regulate the expression of AtClo-3 through the ICE1 mediated binding 
of DREB1A to the DRE/CRT element of AtClo-3 which is the exact mechanism by which 
RD29A is induced by cold exposure or through the direct binding of DREB1A to its 
corresponding cis-acting element. With regard to the latter, it is interesting to note that the 
existence of the DREB1A A/GCCGACNT sequence alone in the promoter region of genes is 
not normally sufficient to activate expression of genes under cold stress. Five hundred and 
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thirty-one genes of the 13434 Arabidopsis genes have the A/GCCGACNT sequence in their 
promoter regions but many of them are not activated by DREB1A transcription factor 
binding (Yamaguchi-Shinozaki
 
and Shinozaki, 2004). Furthermore, RD29A contains 2 
DREB1A binding sites whereas AtClo-3 only 1. However, this studies Northern and Western 
data clearly demonstrates AtClo-3 induction by cold stress at both the gene and protein level 
albeit later and with less intensity than that induced by both drought and salt stress. Northern 
blot data shows induction of the AtClo-3 transcript as late as 24 hours after exposure. The 
study by Takahashi et al (2000) shows no apparent induction of AtClo-3 in Arabidopsis up to 
24 hours after exposure to cold, although that studies time-course experiment terminates at 
24 hours exposure. Nevertheless, this investigations data corroborates online microarray data 
which shows modest, but definitive, induction of AtClo-3 mRNA abundance after 3 and 12 
hours cold exposure (Bioarray resource; http://bbc.botany.utoronto.ca/). 
 
To demonstrate whether DREB1A plays a role in AtClo-3 gene expression to cold stress, a 
dreb1a knock-out mutant was used. However, no detectable differences in AtClo-3 protein 
expression was observed when treating this mutant with cold stress against that of wild type. 
This suggests that DREB1A transcription factor may not play a significant (if any) role in 
AtClo-3 induction to cold stress; after all, the promoter region contains no more than one 
DREB1A binding site. However, as with the dreb2a mutant, caution should be exercised as 
this mutant is from a segregating line, and as such the data presented here may be ‘diluted’ 
somewhat. It is interesting to note that RD29A which is also induced by cold, independent of 
ABA contains 2 DREB1A cis-acting elements/motifs although it is the DRE core motifs 
which have been experimentally demonstrated to regulate its gene expression during stress 
(Nakashima et al., 2006). Although interestingly, more recent research suggests that the 
ABA- dependent ABRE and the ABA-independent DRE elements of RD29A might function 
interdependently during the ABA response to stress (Narusaka et al., 2003). As AtClo-3 
possesses both cis-elements, experiments should determine whether a similar system of gene 
regulation occurs.  
 
AtClo-3 also contains one MYB4 binding site. Interestingly, one study shows that mutant 
plants overexpressing MYB4 transcription factor show a significant increased cold and 
freezing tolerance (Vannini et al., 2004) and presents a possibility by which cold stressed 
induced MYB4 transcription factors may regulate AtClo-3 expression. 
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In summary, the cycloheximide data is consistent with both in silico promoter analysis which 
is subsequently consistent with the transcription factor knock-out mutant experimental data. 
AtClo-3 regulation of expression is mediated by ABA dependent, de novo protein synthesis 
dependent AtMYC2 and MYB2 like transcription factors, ABA dependent de novo protein 
synthesis independent ABREs and ABA independent DREBs. 
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Chapter 5 Biotic stress 
 
5.1 Introduction 
 
Clo-3 is highly responsive to abiotic stress at both the gene and protein level. However, a 
study by Beher et al (2000) showed that a barley gene BCL-4 was induced by DCINA, a 
salicylic acid chemical analogue. Interestingly, the BCL-4 gene encodes a protein with a 
single Ca
2+
 EF-hand with the highest similarity in maturing seeds to (ATS1 [Arabidopsis], 
EFA28 [rice], GmPM13 [soybean]) and therefore categorised, tentatively, as a putative 
caleosin. No further developments evolved from the aforementioned author. 
 
Both salicylic acid and hydrogen peroxide are signalling molecules that mediate systemic 
acquired resistance (see chapter 1). SAR is induced chiefly by biotrophic pathogens resulting 
in cell death reactions that range from single cell hypersensitive response (HR) to 
apoptotic/necrotic disease lesions. The response is characterised by the induction of long-
lasting systemic protection that is often effective against viral, bacterial and fungal 
pathogens. The aim of this study was to investigate the expression profile of AtClo-3 at both 
the gene and protein level when subject to salicylic acid and its synthetic analogues. 
However, Jasmonic acid (JA) is in addition an important signalling hormone in plant 
defences against necrotrophic pathogens. JA is an oxylipin, synthesised via the octadecanoid 
pathway and also mediates responses to wounding and herbivory. Moreover, both SA and JA 
interact predominantly, but not exclusively, antagonistically, where JA inhibits SA signalling 
pathways and vice versa. Therefore, it is also important to determine whether AtClo-3 is 
responsive to JA. Finally, should AtClo-3 be regulated by the biotic stress phytohormones 
then subsequent determination of Clo- response to a real pathogenic challenge in vivo would 
be interesting. 
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5.2 Results 
 
5.2.1 AtClo-3 transcript characterisation 
 
5.2.1.1 Temporal expression profile of AtClo-3 gene to SA and DCINA treated 
Arabidopsis 
 
Northern blot analysis was carried out using total RNA extracted from hydroponically grown 
5-week old Arabidopsis leaf tissue to which 200µM of SA or DCINA was applied as a foliar 
spray once per day. Control samples were sprayed with distilled water. The RNA was run on 
a denaturing agarose gel and hybridised with a riboprobe complementary to the AtClo-3 gene 
(see figure 5.1). A graphical representation of the AtClo-3 induction is shown in figure 5.2, It 
is observed that both SA and DCINA induce the AtClo-3 gene in as little as 5 hours after the 
first treatment. However, DCINA elicits the greatest induction of AtClo-3 in the shortest time 
whereas SA treatment induces a greater rate of transcript abundance from 24 to 48 hours 
treatment. However, by this time, treatment with DCINA elicits a small but distinct decrease 
in AtClo-3 mRNA which was reproducible in a repeat experiment (data not shown).  
 
SA and its synthetic analogues are important mediators of SAR and HR when challenged 
with biotrophic pathogens through cellular changes in redox relationships which 
subsequently induce defence gene regulation. JA is also an important phytohormone in plant 
defence against necrotrophs. Figure 5.3 shows AtClo-3 spatial expression profiles subject to 
72 hours of JA. Although the results are somewhat speculative, the blot shows the greatest 
induction of AtClo-3 is present in leaf and flower, however, the overall upregulation is 
somewhat less than SA, ABA or salt abiotic stress treatment. The induction is slightly greater 
than that of control unstressed tissue. The root shows little or no apparent induction of the 
AtClo-3 gene to the JA treatment. Therefore, it was decided to determine whether the 
response of AtClo-3 gene expression to JA treatment varied during earlier treatment time 
points. Northern blot analysis of temporal AtClo-3 gene expression to JA treatment in leaf 
tissue is shown in figure 5.4. It is observed that AtClo-3 mRNA abundance while responsive 
at 5 hours post treatment, continues to increase with time to that equalling the approximate 
magnitude of that shown at 72 hours in figure 5.3. Nevertheless, the mRNA signal remains 
significantly less than that expected after SA, DCINA or ABA treatment at each time point. 
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Could varying the applied JA concentration affect AtClo-3 levels? It was decided to test this 
at the protein level later in the investigation. 
 
5.2.1.2 Induction of AtClo-3 gene by the hemibiotrophic pathogen Leptosphaeria 
maculans 
 
A common source of biotic stress for many Brassicaceae, including Arabidopsis and 
Brassica spp is the hemibiotrophic pathogen, Leptosphaeria maculans, anamorph Phoma 
lingam. This fungus initially elicits a biotrophic response in the host plant mediated by the 
salicylic acid pathway (Stahl, 2006). Later in the infection cycle, necrotic greyish lesions 
punctuated by pycnidia appear on leaves of younger plants, often progressing to stem canker 
and death in adult plants (Sivasithamparam et al., 2005). Leptosphaeria maculans causes the 
devastating blackleg disease of Brassica crops (Fitt et al., 2006). During the course of this 
study, a small glasshouse was infected with the Leptosphaeria maculans which enabled 
investigation of AtClo-3 gene expression to this pathogenic challenge. This study shows that 
AtClo-3 is highly responsive to SA and its synthetic analogues which are important in HR 
and SAR response to biotrophic pathogens. It was, therefore, interesting to determine 
whether the AtClo-3 gene was responsive to this important pathogen, which as a 
hemibiotroph, exhibits characteristics of both a biotroph and necrotroph (see discussion). The 
initial biotrophic phase is asymptomatic, therefore, the only available visual clue that plants 
were infected with L. maculans was the presence of the necrotic lesions that form during the 
transition to the necrotrophic stage. Initially, the harvesting of leaves for RNA extraction and 
subsequent blotting was limited to plants of which the majority of all leaves appeared 
necrotic. However, as all plants grown in the greenhouse showed the first symptoms of the 
disease approximately 1 week after the first rosette leaves formed, leaves harvested from 3 
week old Arabidopsis one week prior to the appearance of the initial necrotic symptoms were 
assumed to be infected with the biotrophic form of the disease. Analysis of AtClo-3 gene 
expression in Arabidopsis in which the majority of leaves were suffering from necrotic 
lesions showed a greater induction than that when subject to 200 µM SA or DCINA for 72 
hrs (see figure 5.5). 
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5.2.1.3 Hydrogen peroxide induction of AtClo-3 mediated by SA in Arabidopsis 
 
Hydrogen peroxide (H2O2) and other reactive oxygen species (ROS) generated from 
secondary oxidative stress during abiotic stress damages the cellular components of plant 
cells. However, akin to Ca
2+
, H2O2 functions an early secondary signalling molecule during 
pathogen elicitation stimulating SA synthesis, defence gene expression in addition to a role in 
oxidative burst and HR (see chapter 1). Moreover, the exogenous application of H2O2 to 
tobacco leaves stimulates salicylic acid synthesis via the phenylpropanoid pathway (Leon et 
al., 1995), albeit this metabolic pathway might be less important than the isochorismate in 
Arabidopsis (Mauch et al., 2001). Nevertheless, it was of interest to conduct an experiment to 
determine whether AtClo-3 expression is affected by H2O2.  The limited supply of Clo3N B 
antibody drove the decision to determine AtClo-3 gene expression as opposed to protein 
abundance in response to H2O2.  
 
Wild-type 6-week old hydroponically grown Arabidopsis were exogenously sprayed to 
saturation with 10 mM aqueous solution of H2O2 supplemented with 0.1% v/v Rriton X-100 
to increase uptake efficiency. The plants were incubated for the required duration in the glass 
house before RNA extraction. Suitable controls were sprayed with distilled water. Figure 5.6 
shows a rapid but transient marked induction of AtClo-3 in Wild-type after 2.5hrs incubation 
with H2O2. The signal subsequently decreases to that of the control after just 10 hrs 
incubation. AtClo-3 is highly responsive to SA and H2O2. Furthermore, SA is induced by 
H2O2 in tobacco plants and many SA genes and consequently SAR are mediated through the 
non-expressor of protein 1 system (NPR1), it was decided to repeat the experiment with the 
npr1-1 mutant.  The marked reduction in H2O2 dependent AtClo-3 induction compared to 
wild-type as shown in Figure 5.6 npr1-1, demonstrates that H2O2 mediated induction of 
AtClo-3 gene expression is dependent upon SA-mediated NPR1 monomerisation. 
 
5.2.2 AtClo-3 protein expression profile characterisation 
 
Gene expression studies were complemented with those at the protein level wherever 
possible using the avid Clo3N B antibody. After all, AtClo-3 function will be determined by 
its accumulation and turnover at the protein level. 
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5.2.2.1 Differential induction of AtClo-3 to various concentrations of SA, DCINA and 
JA in Arabidopsis leaf 
 
Before proceeding with AtClo-3 protein expression characterisation to biotic-related 
treatments, it was important to determine the optimum concentration of phytohormone which 
elicited the greatest upregulation of AtClo-3 protein. The same optimum concentration then 
applied for gene expression studies. 
 
Arabidopsis 5-week old plants grown hydroponically and subject to daily foliar sprays of  
SA, DCINA and JA concentrations from 100 to 1000 µM. Distilled water was utilised as a 
control spray on untreated plants. Leaf tissue was harvested and total protein extracted (see 
materials and methods) prior to running on Schägger SDS gel and subsequent Western blot 
analysis. Figure 5.7 shows AtClo-3 protein induction following increasing SA, DCINA and 
JA concentrations. AtClo-3 protein expression was minimal when subject to distilled water 
consistent with the low transcript expression observed previously (see figures 5.1 and 5.4). It 
is important to note the use of a 1:2000 rather than 1:1000 dilution of the serum was used 
such that the detection of AtClo-3 in unstressed leaf is not apparent. AtClo-3 was induced by 
both SA and DCINA at 100 µm concentration, however, not so by the equivalent 
concentration of JA reflecting the gene expression profiles of AtClo-3 (see figures 5.1 and 
5.4). Maximal AtClo-3 expression was observed for all chemical treatments for both 200 and 
500 µM concentrations where DCINA and SA elicited the greatest induction and JA the 
least. However, only a very slight downregulation of AtClo-3 was observed for JA 
concentrations exceeding 500 µM, whereas the effect was dramatic regarding SA and 
DCINA application. This was attributed to their cytotoxic effects, particularly SA, which 
caused significant leaf shrivelling and eventual cell death. 
 
 A concentration of 200 µM was selected of these aforementioned phytohormones/analogues 
for subsequent experiments. 
 
5.2.2.2 AtClo-3 temporal protein expression profile characterisation subject to SA in 
Arabidopsis leaf 
 
Five-week old Arabidopsis plants grown hydroponically were subject to a once daily foliar 
spray of 200 µM SA for a period up to 120 hours prior to total protein extraction from leaf 
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and subsequent running on SDS-PAGE gel and Western blot analysis (see figure 5.8). A 
graphical representation is shown in figure 5.9. It is observed that little if any AtClo-3 protein 
induction was detected from 0 to 48 hour incubation. However, a slight induction was 
observed at 72 hours which increased markedly at 96 hours treatment. This level of protein 
expression was maintained through to 120hr incubation. This correlates well with AtClo-3 
transcript levels such that a marked induction of the transcript is observed at 48 hours 
treatment (see figure 5.1) which is translated into protein approximately 24-48 hours after 
treatment. The upper band present on the blot (see figure 5.8) apparent from 96 hours 
treatment shows a crossreacting protein at around 45 kDa which is too heavy for any 
potential caleosin isoform. 
 
5.2.2.3 Induction of AtClo-3 protein expression by SAR mediators and L. maculans 
 
Investigation into the role of AtClo-3 protein expression in the initial biotrophic response 
was determined by examining protein levels in the leaves of 5-week old Arabidopsis 96 
hours after treatment with 200 µM SA or its synthetic analogue DCINA (see figure 5.10). In 
both cases there was a several fold increase in AtClo-3 as determined by immunoblotting. 
However, the increase in AtClo-3 protein levels was even more marked during the necrotic 
stage of Phoma infection 4 weeks after initial inoculation (see figure 5.10). An investigation 
into the temporal AtClo-3 levels during phoma infection would therefore be interesting. The 
initial lifecycle of Phoma is that of a biotroph and as such provides few visual clues of 
infection and is chiefly asymptomatic. However, as the disease progresses, the pathogen 
transitions to a necrotroph providing the typical black spots of the disease. AtClo-3 levels are 
induced slightly during this initial asymptomatic biotrophic phase one week prior to disease 
symptoms, and then increase markedly during the later necrotic lifecycle (figure 5.11). This 
is intriguing as plant defence to necrotrophs is chiefly mediated by JA to which AtClo-3 
seems much less responsive. Therefore the marked increase of AtClo-3 during the apparent 
necrotic phase of infection could be associated with a global increase in SA-mediated 
signalling initiated during the biotrophic phase before any JA-mediated effects have had time 
to inhibit SA mediated events. 
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5.2.2.3 Differential AtClo-3 protein expression in SA and JA-associated mutants in 
Arabidopsis 
 
Gene expression during abiotic stress is modulated in an ABA-dependent and/or independent 
pathways. Moreover, this investigation has shown that AtClo-3 is induced during salt stress 
both in an ABA-dependent and independent pathways which involves specific transcription 
factors. Similarly, SA can modulate gene expression either via an NPR1-dependent or 
independent pathway. To look at the latter process, the npr1–1 mutant was used, which 
contains a point mutation in an IkB-like signal-transduction component acting in the NPR1-
independent pathway downstream of SA. When compared to AtClo-3 level induction by SA 
in WT, the npr1 mutant showed a reduced but measurable induction of AtClo-3 by SA, 
indicating that AtClo-3 could also be activated via an NPR1-independent pathway (see figure 
5.12). The ability of DCINA to substitute for SA as an inducer of AtClo-3 was confirmed 
using NahG transgenic line, where SA levels are significantly reduced by ectopic expression 
of an SA hydroxylase. The fact that AtClo-3 induction is greater than that when compared to 
SA-treated NPR1 mutant suggests that in the sequence of events leading to AtClo-3 
induction, it acts at or downstream of the site sensitive to SA (see figure 5.12). 
 
To determine whether the transcription factor AtMYC2 plays a role in regulating AtClo-3 
response to JA application, the AtMYC2 knock-out mutant was utilised against wild type 
plants. No discernable difference in the AtClo-3 Western blot signal was observed and as 
such AtMYC2 may not regulate AtClo-3 expression when subject to JA (see figure 5.13). 
 
5.3 Discussion 
 
A study by Beher et al (2000) showed a caleosin-like protein from barley with sequence 
similarities to ATS1 [Arabidopsis] and EFa27 [Rice] was induced by BTH and DCINA 
synthetic analogues of SA, whilst only slightly inducible by JA. Furthermore, in silico 
promoter analyses via the Athena database revealed that the AtClo-3 promoter contains, 6 G-
box, 2 G-box like (AtMYC2) and 1 W-box promoter motif (table 3.1) which have been 
implicated in JA-mediated and SA-mediated defence gene regulation, respectively. Therefore 
experiments were designed to determine whether AtClo-3 expression is responsive to biotic 
stress and the secondary signalling type phytohormones, SA and JA, which are responsible 
for differential mediation of the defence response against biotrophic and necrotrophic 
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Could varying the applied JA concentration affect AtClo-3 levels? It was decided to test this 
at the protein level later in the investigation. 
 
5.2.1.2 Induction of AtClo-3 gene by the hemibiotrophic pathogen Leptosphaeria 
maculans 
 
A common source of biotic stress for many Brassicaceae, including Arabidopsis and 
Brassica spp is the hemibiotrophic pathogen, Leptosphaeria maculans, anamorph Phoma 
lingam. This fungus initially elicits a biotrophic response in the host plant mediated by the 
salicylic acid pathway (Stahl, 2006). Later in the infection cycle, necrotic greyish lesions 
punctuated by pycnidia appear on leaves of younger plants, often progressing to stem canker 
and death in adult plants (Sivasithamparam et al., 2005). Leptosphaeria maculans causes the 
devastating blackleg disease of Brassica crops (Fitt et al., 2006). During the course of this 
study, a small glasshouse was infected with the Leptosphaeria maculans which enabled 
investigation of AtClo-3 gene expression to this pathogenic challenge. This study shows that 
AtClo-3 is highly responsive to SA and its synthetic analogues which are important in HR 
and SAR response to biotrophic pathogens. It was, therefore, interesting to determine 
whether the AtClo-3 gene was responsive to this important pathogen, which as a 
hemibiotroph, exhibits characteristics of both a biotroph and necrotroph (see discussion). The 
initial biotrophic phase is asymptomatic, therefore, the only available visual clue that plants 
were infected with L. maculans was the presence of the necrotic lesions that form during the 
transition to the necrotrophic stage. Initially, the harvesting of leaves for RNA extraction and 
subsequent blotting was limited to plants of which the majority of all leaves appeared 
necrotic. However, as all plants grown in the greenhouse showed the first symptoms of the 
disease approximately 1 week after the first rosette leaves formed, leaves harvested from 3 
week old Arabidopsis one week prior to the appearance of the initial necrotic symptoms were 
assumed to be infected with the biotrophic form of the disease. Analysis of AtClo-3 gene 
expression in Arabidopsis in which the majority of leaves were suffering from necrotic 
lesions showed a greater induction than that when subject to 200 µM SA or DCINA for 72 
hrs (see figure 5.5). 
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5.2.1.3 Hydrogen peroxide induction of AtClo-3 mediated by SA in Arabidopsis 
 
Hydrogen peroxide (H2O2) and other reactive oxygen species (ROS) generated from 
secondary oxidative stress during abiotic stress damages the cellular components of plant 
cells. However, akin to Ca
2+
, H2O2 functions an early secondary signalling molecule during 
pathogen elicitation stimulating SA synthesis, defence gene expression in addition to a role in 
oxidative burst and HR (see chapter 1). Moreover, the exogenous application of H2O2 to 
tobacco leaves stimulates salicylic acid synthesis via the phenylpropanoid pathway (Leon et 
al., 1995), albeit this metabolic pathway might be less important than the isochorismate in 
Arabidopsis (Mauch et al., 2001). Nevertheless, it was of interest to conduct an experiment to 
determine whether AtClo-3 expression is affected by H2O2.  The limited supply of Clo3N B 
antibody drove the decision to determine AtClo-3 gene expression as opposed to protein 
abundance in response to H2O2.  
 
Wild-type 6-week old hydroponically grown Arabidopsis were exogenously sprayed to 
saturation with 10 mM aqueous solution of H2O2 supplemented with 0.1% v/v Rriton X-100 
to increase uptake efficiency. The plants were incubated for the required duration in the glass 
house before RNA extraction. Suitable controls were sprayed with distilled water. Figure 5.6 
shows a rapid but transient marked induction of AtClo-3 in Wild-type after 2.5hrs incubation 
with H2O2. The signal subsequently decreases to that of the control after just 10 hrs 
incubation. AtClo-3 is highly responsive to SA and H2O2. Furthermore, SA is induced by 
H2O2 in tobacco plants and many SA genes and consequently SAR are mediated through the 
non-expressor of protein 1 system (NPR1), it was decided to repeat the experiment with the 
npr1-1 mutant.  The marked reduction in H2O2 dependent AtClo-3 induction compared to 
wild-type as shown in Figure 5.6 npr1-1, demonstrates that H2O2 mediated induction of 
AtClo-3 gene expression is dependent upon SA-mediated NPR1 monomerisation. 
 
5.2.2 AtClo-3 protein expression profile characterisation 
 
Gene expression studies were complemented with those at the protein level wherever 
possible using the avid Clo3N B antibody. After all, AtClo-3 function will be determined by 
its accumulation and turnover at the protein level. 
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5.2.2.1 Differential induction of AtClo-3 to various concentrations of SA, DCINA and 
JA in Arabidopsis leaf 
 
Before proceeding with AtClo-3 protein expression characterisation to biotic-related 
treatments, it was important to determine the optimum concentration of phytohormone which 
elicited the greatest upregulation of AtClo-3 protein. The same optimum concentration then 
applied for gene expression studies. 
 
Arabidopsis 5-week old plants grown hydroponically and subject to daily foliar sprays of  
SA, DCINA and JA concentrations from 100 to 1000 µM. Distilled water was utilised as a 
control spray on untreated plants. Leaf tissue was harvested and total protein extracted (see 
materials and methods) prior to running on Schägger SDS gel and subsequent Western blot 
analysis. Figure 5.7 shows AtClo-3 protein induction following increasing SA, DCINA and 
JA concentrations. AtClo-3 protein expression was minimal when subject to distilled water 
consistent with the low transcript expression observed previously (see figures 5.1 and 5.4). It 
is important to note the use of a 1:2000 rather than 1:1000 dilution of the serum was used 
such that the detection of AtClo-3 in unstressed leaf is not apparent. AtClo-3 was induced by 
both SA and DCINA at 100 µm concentration, however, not so by the equivalent 
concentration of JA reflecting the gene expression profiles of AtClo-3 (see figures 5.1 and 
5.4). Maximal AtClo-3 expression was observed for all chemical treatments for both 200 and 
500 µM concentrations where DCINA and SA elicited the greatest induction and JA the 
least. However, only a very slight downregulation of AtClo-3 was observed for JA 
concentrations exceeding 500 µM, whereas the effect was dramatic regarding SA and 
DCINA application. This was attributed to their cytotoxic effects, particularly SA, which 
caused significant leaf shrivelling and eventual cell death. 
 
 A concentration of 200 µM was selected of these aforementioned phytohormones/analogues 
for subsequent experiments. 
 
5.2.2.2 AtClo-3 temporal protein expression profile characterisation subject to SA in 
Arabidopsis leaf 
 
Five-week old Arabidopsis plants grown hydroponically were subject to a once daily foliar 
spray of 200 µM SA for a period up to 120 hours prior to total protein extraction from leaf 
. 
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and subsequent running on SDS-PAGE gel and Western blot analysis (see figure 5.8). A 
graphical representation is shown in figure 5.9. It is observed that little if any AtClo-3 protein 
induction was detected from 0 to 48 hour incubation. However, a slight induction was 
observed at 72 hours which increased markedly at 96 hours treatment. This level of protein 
expression was maintained through to 120hr incubation. This correlates well with AtClo-3 
transcript levels such that a marked induction of the transcript is observed at 48 hours 
treatment (see figure 5.1) which is translated into protein approximately 24-48 hours after 
treatment. The upper band present on the blot (see figure 5.8) apparent from 96 hours 
treatment shows a crossreacting protein at around 45 kDa which is too heavy for any 
potential caleosin isoform. 
 
5.2.2.3 Induction of AtClo-3 protein expression by SAR mediators and L. maculans 
 
Investigation into the role of AtClo-3 protein expression in the initial biotrophic response 
was determined by examining protein levels in the leaves of 5-week old Arabidopsis 96 
hours after treatment with 200 µM SA or its synthetic analogue DCINA (see figure 5.10). In 
both cases there was a several fold increase in AtClo-3 as determined by immunoblotting. 
However, the increase in AtClo-3 protein levels was even more marked during the necrotic 
stage of Phoma infection 4 weeks after initial inoculation (see figure 5.10). An investigation 
into the temporal AtClo-3 levels during phoma infection would therefore be interesting. The 
initial lifecycle of Phoma is that of a biotroph and as such provides few visual clues of 
infection and is chiefly asymptomatic. However, as the disease progresses, the pathogen 
transitions to a necrotroph providing the typical black spots of the disease. AtClo-3 levels are 
induced slightly during this initial asymptomatic biotrophic phase one week prior to disease 
symptoms, and then increase markedly during the later necrotic lifecycle (figure 5.11). This 
is intriguing as plant defence to necrotrophs is chiefly mediated by JA to which AtClo-3 
seems much less responsive. Therefore the marked increase of AtClo-3 during the apparent 
necrotic phase of infection could be associated with a global increase in SA-mediated 
signalling initiated during the biotrophic phase before any JA-mediated effects have had time 
to inhibit SA mediated events. 
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Figure 5.9. Arbitrary densitometer readings 
from time-course Western 
blot (see figure 5.8)
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Figure 5.11. Western blot analysis showing induction of Arabidopsis Clo-3 
protein in the leaf infected with Leptosphaeria maculans
Western blot was carried out using the polyclonal Clo3 N B antibody. The 5 week 
old Arabidopsis ecotype Columbia plant leaves infected with Leptosphaeria
maculans for approximately 1 or 4 weeks as indicated. The total protein was 
subsequently extracted and separated on a 10% polyacrylamide gel and detected 
using 1:1000 dilution serum. The apparent molecular weights in kDa are indicated.
Uninfected Infected 4 weeksInfected 1 week
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5.2.2.3 Differential AtClo-3 protein expression in SA and JA-associated mutants in 
Arabidopsis 
 
Gene expression during abiotic stress is modulated in an ABA-dependent and/or independent 
pathways. Moreover, this investigation has shown that AtClo-3 is induced during salt stress 
both in an ABA-dependent and independent pathways which involves specific transcription 
factors. Similarly, SA can modulate gene expression either via an NPR1-dependent or 
independent pathway. To look at the latter process, the npr1–1 mutant was used, which 
contains a point mutation in an IkB-like signal-transduction component acting in the NPR1-
independent pathway downstream of SA. When compared to AtClo-3 level induction by SA 
in WT, the npr1 mutant showed a reduced but measurable induction of AtClo-3 by SA, 
indicating that AtClo-3 could also be activated via an NPR1-independent pathway (see figure 
5.12). The ability of DCINA to substitute for SA as an inducer of AtClo-3 was confirmed 
using NahG transgenic line, where SA levels are significantly reduced by ectopic expression 
of an SA hydroxylase. The fact that AtClo-3 induction is greater than that when compared to 
SA-treated NPR1 mutant suggests that in the sequence of events leading to AtClo-3 
induction, it acts at or downstream of the site sensitive to SA (see figure 5.12). 
 
To determine whether the transcription factor AtMYC2 plays a role in regulating AtClo-3 
response to JA application, the AtMYC2 knock-out mutant was utilised against wild type 
plants. No discernable difference in the AtClo-3 Western blot signal was observed and as 
such AtMYC2 may not regulate AtClo-3 expression when subject to JA (see figure 5.13). 
 
5.3 Discussion 
 
A study by Beher et al (2000) showed a caleosin-like protein from barley with sequence 
similarities to ATS1 [Arabidopsis] and EFa27 [Rice] was induced by BTH and DCINA 
synthetic analogues of SA, whilst only slightly inducible by JA. Furthermore, in silico 
promoter analyses via the Athena database revealed that the AtClo-3 promoter contains, 6 G-
box, 2 G-box like (AtMYC2) and 1 W-box promoter motif (table 3.1) which have been 
implicated in JA-mediated and SA-mediated defence gene regulation, respectively. Therefore 
experiments were designed to determine whether AtClo-3 expression is responsive to biotic 
stress and the secondary signalling type phytohormones, SA and JA, which are responsible 
for differential mediation of the defence response against biotrophic and necrotrophic 
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pathogenic challenge, respectively. Furthermore, contamination of the greenhouse and 
subsequent infection of plants with a hemibiotrophic pathogen L. maculans provided direct 
evidence of AtClo-3 induction to pathogenic challenge at both the gene and protein level. 
 
Upon pathogen infection, pathogen-associated molecular patterns (PAMPs), such as bacterial 
flagellin and lipopolysaccharides, are recognised by plant receptors to activate PAMP- 
triggered immunity through MAPK cascades (Walton, 1994; Gomez-Gomez and Boller, 
2000; Chrisholm et al., 2006). Biotrophic Gram negative bacteria and fungal pathogens, such 
as Pseudomonas syringae and Uromyces fabae, respectively, can deliver effector proteins or 
virulence factors encoded by Avr genes to plant cells to interfere with PAMP-triggered 
resistance and subsequently promote pathogen virulence (Nurnberger et al., 2004; da Cunha 
et al., 2006, Egan and Talbot, 2008). As a result, the remaining basal defence is usually 
insufficient to contain pathogens but can limit their growth in plant tissue. Through co-
evolution, some effectors may be specifically recognised by plant resistance (R) proteins and 
activate strong effector-triggered immunity (ETI) (Chrisholm et al., 2006). R gene-activated 
ETI involves a complex defence program including production of ROS and SA, rapid 
programmed cell death, hypersensitive-response (HR) and induction of a large number of 
host genes including pathogenesis related (PR) genes (da Cunhar et al., 2006; Holt et al., 
2003). In Arabidopsis, R gene and SA-mediated defence mechanisms are effective against 
biotrophic pathogens that feed on living host tissue during the whole or part of their infection 
cycle. Necrotrophic pathogens kill the host to extract nutrients. Many necrotrophic pathogens 
produce toxins, cell wall degrading enzymes and ROS to promote disease and macerate plant 
tissue (Glazebrook, 2005; Loake and Grant, 2007; Shah, 2003). Plant defence mechanisms 
against necrotrophic pathogens have been analysed relatively recently and appear to differ 
from those against biotrophic pathogens in important ways. First, gene for gene resistance 
(see section 1.2.6.1) is common for biotrophic pathogens but not for necrotrophs. Second, R 
gene-mediated HR is effective against biotrophic pathogens but does not deter, and in some 
cases may actually facilitate infection of necrotrophic pathogens (Govrin and Levine et al., 
2000). Third, while SA is important for resistance to biotrophs its role against necrotrophs is 
limited if any. Pathogen induced hypersensitive responses to biotrophs are often associated 
with accumulation of SA and activation of defence mechanisms in the surrounding or even 
distal parts of the plant leading to the development of systemic acquired resistance (SAR) 
(Durrant and Dong, 2004). 
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In Arabidopsis, SA-induced plant defence responses, including SAR, are associated with 
activated expression of pathogenesis-related (PR) genes which require the function of the 
Nonexpresser of Pathogenesis-Related genes 1 (NPR1) gene (Dong, 2004) (see section 
chapter 1).  
 
5.3.1 NPR1-dependent gene expression 
 
This studies data demonstrates that AtClo-3 is induced by SA which is chiefly dependent on 
NPR1. As discussed in chapter 1, WRKYs play a role as SA-NPR1 induced transcription 
factors which, bind to W-box elements of many SA induced genes (Wang et al., 2006; 
Blanco et al., 2009). It was Wang et al (2006) who recently identified eight WRKY genes as 
direct transcriptional targets of NPR1. As such, the possibility exists that one or more of the 
eight SA-NPR1 coupled mediated expressions of WRKYs play a role in the binding to the 
AtClo-3 W-box and consequential upregulation of the AtClo-3 transcript. Further 
investigation is therefore required (see chapter 7). 
 
The presence of multiple W-box sites appears to have a synergistic effect on transcription 
(Eulgem et al.,1999), or two closely adjacent W-boxes may be required for efficient DNA 
binding (Mare` et al., 2004). Indeed, some WRKY family members do contain leucine 
zippers capable of forming homo- and hetero-dimers of transcription factors (Cormack et al., 
2002; Robatzek and Somssich, 2002; Xu et al., 2006; Shen et al., 2007). However, a recent 
study by Ciolkowski et al (2008) shows that the majority of WRKYs very likely bind as 
monomers to single W-box elements. This is important as in silico analysis of the AtClo-3 
promoter region shows a single W-box motif (GTGACC) to which biotrophic and SA-
mediated WRKYs may bind and modulate AtClo-3 expression. In addition, neighboring 
nucleotides also contribute in determining high affinity binding in vitro. Moreover, these 
nucleotides partly determine the type of WRKY factor that will be recruited. For example, a 
G residue directly 5’ adjacent to the element, as is the case for AtClo-3, binds well to the 
Arabidopsis WRKY 26, WRKY 38 and WRKY 43. This provides a starting point for 
determining whether the aforementioned WRKYs actually bind to the AtClo-3 W-box motif. 
However, this study shows that putative WRKY binding is both NPR1-dependent and NPR1 
independent.  
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5.3.2 NPR1-independent gene expression 
 
The continued induction of AtClo-3 in the npr1-1 mutant demonstrates that AtClo-3 is 
regulated in an NPR1-independent manner. Previous work has shown that numerous SA-
inducible WRKY proteins such as such as WRKY7 (At4g24240), WRKY15 (At2g23320), 
WRKY21 (At2g24240), WRKY15 (At2g30250), WRKY39 (At3g04670), and WRKY60 
(At2g25000) are controlled in an NPR1 independent manner (Dong et al., 2003; Yu et al., 
2001). Furthermore, the constitutively activated cell death 1 (CAD1) gene, which is induced 
by SA, SA agonist and chitin, encodes a protein containing a domain with significant 
homology to the MACPF protein superfamily (membrane attack complex and perforin) and 
is likely to control plant immunity negatively. It too contains a W-box cis-element in its 
promoter region and is controlled in an NPR-1 independent manner (Tsutsui et al., 2006). 
Finally, a recent study showed that the group 1 early immediate genes such as GST1 (GNT35 
and IEGT), which contain the W-box TAGC core motif to which WRKY proteins bind are 
induced via an NPR-1 independent pathway and as such do not require NPR1 as a co-
activator (Uquillas et al., 2004). 
 
In the npr1 mutant, SA continues to activate the DNA–binding ability of Arabidopsis 
thaliana Whirly 1 (AtWhy1), suggesting that AtWhy1 functions in PR-1 induction in SAR in 
an NPR1-independent manner. AtWhy1 encodes a cyclic (hence the name whirly) 
arrangement of monomeric proteins (Desveaux et al., 2004). However, as the Whirly family 
of plant transcription factors regulate gene expression through the PB element 
GTCAAAAA/T, which is absent in the AtClo-3 promoter region it is unlikely that Whirly 
proteins play a part in the NPR1-independent regulation of AtClo-3.  
 
In light of the aforementioned literature review, and this studies experimental data, the 
working hypothesis is that AtClo-3 expression is modulated via an NPR1-dependent and 
NPR1-independent WRKY transcription factors that bind to the single AtClo-3 W-box motif. 
 
5.3.3 AtClo-3 expression and jasmonic acid 
 
 
While AtClo-3 expression is not as responsive to JA, as it is to SA, ABA or NaCl, it is 
nonetheless induced above control levels. As previously described, AtClo-3 contains many 
cis-acting elements associated with ABA-dependent and -independent gene regulation in 
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addition to one W-box, a potential DNA binding site for SA mediated WRKY transcription 
factor binding. Interestingly, no JA-responsive elements (JERE) (AGACCGCC) exist within 
the promoter region of AtClo-3. However, the AtClo-3 promoter region contains 2 AtMYC2/ 
G-box like (CACATG) motifs, previously discussed in chapter 4 regarding abiotic stress, and 
6 G-box (CACGTG) motifs, both of which have been implicated in JA signalling networks 
(Boter et al., 2004). 
 
JA induces systemic expression of wound-responsive genes such as VSP, JR1 or Thi1.2, 
which are negatively regulated by local synthesis of ethylene (ET). JA and ET synergistically 
cooperate to activate the expression of basic PR proteins such b-CHI, PR3 and PDF1.2.  
 
Herbivory (Systemic wounding) will result in the synthesis of JA which activates the 
expression of wound regulated genes such as VSP, JR1 and Thi2.1 through the binding of 
AtMYC2 to the G-box-like elements of those genes (Boter et al., 2004). However, it is 
thought that during necrotrophic attack, the same genes are negatively regulated by the 
interaction of ethylene responsive factor 1 (ERF1) transcription factor brought about by local 
JA and ET production, although the exact mechanism is not understood (Boter et al., 2004). 
Conversely, necrotrophic pathogen attack which although induces both JA and ET, 
synergistically mediate the binding of ERF1 to GCC-box elements of necrotrophic defence 
related genes such as PDF1.2 and b-CHI activating their expression (Gu et al., 2002). 
However, during systemic wounding, the simultaneous binding of MYC2 to the G-box 
elements which is in close proximity to the GCC-box elements on the defence genes 
negatively regulates their gene expression (Boter et al., 2004). 
 
AtClo-3 promoter contains 2 putative AtMYC2 binding G-box like cis-acting elements and 6 
G-box elements. However, unlike many necrotrophic defence related genes or PR-genes 
which also possess GCC-box motifs, the AtClo-3 promoter does not contain an ERF1 
binding GCC-box element (refer to table 3.1). However, as ERF1 is unlikely to bind to non-
GCC elements namely G-box elements, this automatically negates ET- or JA-mediated ERF1 
from regulating AtClo-3 expression. The result might be a decrease in its sensitivity to JA, 
which is consistent with the studies data in that JA mediates AtClo-3 only slightly. 
Intriguingly, the AtMYC2 knockout mutant protein expression experiment yielded little 
difference in AtClo-3 expression against wild type when subject to JA. The myc2  
Arabidopsis knockout mutant also known as josmonate insensitive gene 1 which are 
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insensitive to JA and exhibit a decreased activation of JA-responsive genes AtVSP and JR1. 
Therefore, the similar expression patterns of AtClo-3 in wild type when compared to the 
myc2 knockout mutant suggest that this transcription factor may not be responsible for 
AtClo-3 induction to JA via the G-box element. 
 
It would therefore be interesting to conduct experiments to determine G-box involvement in 
AtClo-3 expression. Moreover, might application of both JA and ET treatment result in an 
increase in AtClo-3 expression? A repeat of the AtMYC2 knockout experiment with various 
differential concentrations of JA and ET and/or SA simulating, simultaneous wounding or 
necrotrophic and or biotrophic attack might also reveal difference sin AtClo-3 expression. 
Moreover, it would be interesting to see how JA and ET signals are mechanistically linked to 
the signal transduction and the function of transcription factors and ultimately AtClo-3 
gene/protein regulation.  
 
This studies experimental data clearly shows AtClo-3 is significantly less responsive to JA 
than SA, and provides evidence that AtClo-3 expression may not be as sensitive to 
necrotrophs or indeed wounding as it is to biotrophic challenges.  Interestingly, both JA and 
SA exert antagonistic effects on each others signalling pathways. The fact that AtClo-3 
expression increases with L. maculans transition from biotrophic to necrotrophic may 
therefore be interpreted as a continued rise in global SA levels prior to the onset of JA 
synthesis and its associated antagonistic effects on SA signalling. It would therefore be 
interesting to determine the extent of AtClo-3 expression when challenged with a pure 
necrotrophic pathogen.  
 
5.3.4 AtClo-3 response to Leptosphaeria maculans 
 
Leptosphaeria maculans causes the devastating blackleg disease on Brassica crops which can 
lead to stem cankers and severe yield loss (Fitt et al., 2006). L. maculans also readily infects 
Arabidopsis although here it experiences a higher degree of resistance compared to Brassica. 
This indicates that Arabidopsis contains efficient resistance mechanisms to this pathogen and 
as such makes it suitable as an excellent plant-fungal pathogen model in the fight against 
pathogenicity of Brassica crops (Stahl, 2006). L. maculans is classified as a hemibiotroph as 
it grows initially as a biotroph before switching to a necrotrophic phase at some point in its 
infection cycle. However, in contrast to the two most studied necrotrophic plant/pathogen 
 164
interactions of Arabidopsis, (Botrytis cinerea and Alternaria brassicola), L. maculans shows 
a clear biotrophic-dependent gene-for-gene relationship with its Brassica and Arabidopsis 
hosts (Stahl, 2006). However, L. maculans lifecycle will transition to that of a necrotroph. As 
such, resistance to L. maculans is complex, multilayered and not well understood. 
Nevertheless, one important layer of resistance to L. maculans is R gene dependent resistance 
of which the NB-LRR class of R proteins alone comprises 149 genes in Arabidopsis and is 
involved in specific recognition of pathogen Avr genes (Meyers et al., 2003). It is 
biotrotrophic pathogen secretion of small proteins encoded by Avr genes which are involved 
in defence suppression of R gene-mediated ETI. While little is known about the mechanisms 
and function of fungal Avr genes, the first out of nine putative L. maculans Avr (AvrLM1) 
genes was recently identified and cloned (Gout et al., 2006). The TIR-NB-LRR class of R 
proteins, to which the AvrLM proteins bind in all known cases but one require the function 
of EDS1 (enhanced disease susceptibility 1) and PAD4 (phytoalexin deficient 4) lipase like 
proteins (Aarts et al., 1998) which are responsible for the induction of SA-dependent 
defences and a possible candidate as the initial component in SA-mediated AtClo-3 
expression. Interestingly, a variant of the NB-LRR class of R genes exists where a C-terminal 
WRKY transcription factor domain acts as a signalling short cut through the activation of 
WRKY transcription factors directly downstream of R-protein (Dangl and Jones, 2001).  
 
In contrast to R gene dependent AtClo-3 regulation, Stahl (2006) shows that L. maculans-SA 
induced PR proteins were found to be R gene independent which relied upon PTI responses. 
As such, AtClo-3 induction might also exhibit R gene independent/PTI dependent regulation 
or at least respond to PTI in addition to ETI. This response is likely, as general elicitors 
(PAMPs) directly activate plant innate immune. Such activities include PAMP triggered 
activation of plasma membrane located Ca
2+
 channels, which subsequently activates the 
NADPH oxidase complex (Zhao et al., 2005; Gozzo, 2003). A rapid rise in ROS 
subsequently induces SA through induction of benzoic acid 2-hydroxylase enzyme 
(Wildermuth et al., 2001). The study demonstrates that exogenous application of 
physiological signalling concentrations of H2O2, induces the AtClo-3 gene and is somewhat 
dependent on SA mediated NPR1 possibly through the activation of benzoic acid 2 
hydroxylase of the phenylpropanoid pathway (Leon et al., 1995), or an alternative benzoic-
conjugated mediated rise in benzoic acid and SA (Leon et al., 1995; Chong et al., 2001). 
Therefore, L. maculans induction of AtClo-3 could be in part a consequence of pathogen 
induced NADPH-dependent H2O2 synthesis, likely a consequence of rapid rise in 
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intracellular Ca
2+
. However, the rapid but transient transcript induction suggests that H2O2  
per se is not enough to maintain AtClo-3 gene expression as opposed to direct SA 
application. This implies that the transduction of the signal upstream from NPR1 is transient. 
One explanation could be the activation of ROS detoxification systems such as the ascorbate-
glutathione cycle required to reduce the oxidative state of cells for NPR1 nuclear 
translocation (Apel and Hirt, 2004). Furthermore, the transience is also consistent with the 
fact that in Arabidopsis, synthesis of SA is predominantly via the isochorismate pathway 
which may not be stimulated by H2O2 as it is in the phenylpropanoid pathway. Nonetheless, 
the phenylpropanoid pathway might be required for the initial rapid but transient rise in SA 
after pathogen elicitation (Wildermuth et al., 2001; Métraux, 2002).  
 
This study also demonstrates that H2O2 mediated AtClo-3 gene expression is induced in part 
independently from SA and NPR1. However, ROS also activates MAP kinases (Apel and 
Hirt, 2004) which subsequently activates WRKYs (Kim and Zhang, 2004; Miao et al., 2007). 
Therefore, AtClo-3 transcripts could be induced by ROS mediated MAPK mediated WRKY 
transcription factor binding to the AtClo-3 W-box. 
 
In summary, this study shows that AtClo-3 is induced by L. maculans and although 
speculative at this stage, its induction is most likely to follow two independent pathways in 
response to L. maculans. 1. R-protein triggered mediated signalling which via the actions of 
EDS1 and PAD4 generate ROS and SA, and subsequent SA-mediated WRKY transcription 
factor mediated AtClo-3 induction. The direct R protein activation of WRKYs may also 
provide an additional direct activation of AtClo-3 which should be investigated in future 
experiments. 
2. PTI triggered response mediated through the rapid and sustained rise in intracellular Ca
2+
. 
Future work should be directed to experimentally verify the presence of these pathways in 
the induction of AtClo-3 gene expression by L. maculans elicitation.  
 
The induction of AtClo-3 at both the gene and protein level suggests its function is of 
importance in defence against biotrophic pathogenic challenges.   
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Chapter 6 Biochemical studies 
 
6.1 Introduction 
 
Caleosin proteins are characterised by a single calcium binding EF hand motif, a putative 
membrane bilayer-spanning domain, plus several potential phosphorylation and haem-
binding sites. The single calcium binding EF hand motif is intriguing as nearly all 
characterized EF-hand proteins contain one or more pairs of EF-hands that each binds two 
calcium atoms cooperatively with high affinity, whereas single EF-hand protein domains 
only bind single calcium with relatively low affinity (Ikura, 1996). Structural studies with 
recombinant seed-specific caleosins (Clo-1) indicate that the native proteins are able to bind 
calcium (Chen et al., 1999; Takahashi et al., 2000), a phosphate (Purkrtova et al., 2007), and 
haem (Hanano et al., 2006). The haem-binding site, which required five ligands 
(pentacoordinated), is required for its catalytic peroxygenase activity characterised by 
stereospecific co-oxidation reactions (Hanano et al., 2006). Moreover, Ca
2+
 binding is 
required for this peroxygenase activity. Caleosins are most often described in the literature as 
oil-body associated proteins. Several caleosin isoforms, in particular Clo-1, are prominent 
components of the oil-body proteome (Frandsen et al., 2001; Katavic et al., 2006). Oil bodies 
are present in storage tissues, such as developing or germinated seeds or caryopses (Liu et 
al., 2005; Murphy, 2001; Toorop et al., 2005) and in somatic embryos (Che et al., 2006). 
Seed specific caleosins may play specialised roles in processes associated with oil-body 
formation and mobilisation (Murphy et al., 2000, 2001; Poxleitner et al., 2006). Although 
seven caleosins genes exist and are expressed in Arabidopsis (see chapter 3), characterisation 
of caleosins has been limited to those associated with oil-bodies. However, caleosins are 
highly flexible proteins that can dramatically alter their secondary structures in response to 
the polarity of the medium in which they are embedded (Purkrtova et al., 2007) which 
suggests roles different from seed located oil-body dynamics. Indeed, this investigation 
suggests that AtClo-3 is an ABA-inducible, osmotic and biotic stress related proteins in 
Arabidopsis (chapter 4 and 5 respectively). As such, data concerning AtClo-3 localisation, 
regulation, phosphorylation status and enzymatic activity utilising a combination of 
biochemical and microscopy techniques will be considered in this chapter. 
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6.2 Results 
 
6.2.1 Sub-cellular location studies 
 
6.2.1.1 Differential centrifugation 
 
Mounting data for both Arabidopsis and Brassica suggests that the seed-specific caleosins in 
addition to oleosin are located either on the surfaces of storage oil bodies or as integral 
membrane proteins in microsomes derived mainly from the ER. This is however not 
surprising as many proteins are synthesised in the ER. Prior to engaging in experiments to 
biochemically determine the subcellular location of AtClo-3 it was decided to verify the 
protein fraction extraction technique utilising the n-Clo antibody which recognises both 
AtClo-1 and AtClo-3. In addition, it would also provide a means of directly comparing 
AtClo-1 and AtClo-3 subcellular localisation.  
 
The biochemical subcellular localisation technique was based upon differential centrifugation 
speeds to pellet various components of the lysed cells. A high osmotic buffer was utilised in 
addition to mechanical homogenisation to ensure efficient lysis of cells to release subcellular 
components (material and methods). Figure 6.1 shows the subcellular location of AtClo-1 
extracted from Arabidopsis siliques in which contain seed. Moreover, the siliques and 
therefore the seeds were at various developmental stages to ensure all possible developmental 
specific locations of AtClo-1 were captured. The dark bands indicate significant levels of 
AtClo-1 in both the total protein homogenate and the floating oil body layer. This 
demonstrates that AtClo-1 is likely to be extra-oil body located in addition to its oilbody 
location, therefore, in an attempt to determine whether AtClo-1 in the total protein fraction 
was soluble or membrane bound, the total protein fraction was aliquited and subject to a 
range of centrifugation speeds. The relative abundance of AtClo-1 in the 100,000xg pellet 
fraction as opposed to the corresponding soluble fraction confirms AtClo-1 as membrane 
bound (see figure 6.1).  
 
The differential location of AtClo-1 and AtClo-3 in the soluble and insoluble fractions 
subject to increasing g forces in shown in figure 6.2. The 13,000xg pellet fractions show a 
substantial signal associated with the assumed microsomal location of AtClo-1, however, an 
appreciable signal is also present in the S1 and S2 fractions which suggests that either AtClo-
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1 is potentially partially soluble, represents oil body contamination or greater g force is 
required to sediment the microsomes. The latter is highly likely as figure 6.1 shows a low 
100,000xg soluble to microsomal fraction ratio at 100,000xg. Therefore, in an attempt to 
confirm that the AtClo-1 signal in the 13,000xg soluble fraction does actually represent 
membrane bound AtClo-1, an aliquot of this fraction was subject to a high speed (100,000xg) 
ultracentrifugation. The results clearly show that AtClo-1 is an insoluble membrane protein 
of Arabidopsis silique/seed. Figure 6.2 also illustrates the recognition of the 27kDa AtClo-3 
isoform by the n-Clo antibody which likely represents a mixture of AtClo-3 from both 
Arabidopsis seed and silique green tissue. While the bands are significantly weaker than 
those of AtClo-1, it does nevertheless highlight the membrane bound location of AtClo-3. 
 
At this point in the investigation, the preliminary localisation data demonstrates AtClo-1 in 
addition to AtClo-3 membrane bound status within the total protein fraction of silique/seed 
extract. Caleosins are highly flexible proteins that can dramatically alter their secondary 
structures (Purkrtova et al., 2007), and as such it was decided to verify the localisation of 
AtClo-3 in both stressed and unstressed vegetative tissue utilising the more specific Clo3 N-
term antibody. In addition to providing biochemical subcellular localisation data in 
vegetative tissue, the data will also demonstrate any stress mediated differences in location. 
Figure 6.3 shows the subcellular localisation of AtClo-3 from unstressed leaf tissue. It is 
clear that this demonstrates the membrane-bound locality of AtClo-3. However, at this stage 
in the investigation, it is important to emphasise the inherent inability of the protein 
microsomal fractionation technique to discriminate between membranes of differing 
organelles or indeed the cell membrane itself. As such, microsomal AtClo-3 could represent 
that from differing organalles, including the ER and the cell membrane itself. While the 
relatively substantial AtClo-3 P3 signal demonstrates the microsomal location of AtClo-3 
(which may include the ER) the presence of AtClo-3 in the P2 fraction could suggest a more 
heavy membrane plastidial location (see below). Figure 6.4 represents a comparison of 
AtClo-3 localisation within differential g force-dependent soluble and insoluble fractions in 
unstressed against salt stressed leaf tissue. This data shows that abiotic stress has no effect on 
mediating the differential AtClo-3 cellular location as stress induces a global increase in 
AtClo-3 abundance in all protein fractions. Both the homogenate and the 5000xg insoluble (P 
5000xg) fractions show a slight but noticeable AtClo-3 signal, which when related to the 
100,000xg soluble fraction signal likely represent the microsomal location of AtClo-3. 
Indeed, the AtClo-3 signal subsequently decreases to zero in the 100,000xg soluble fraction 
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which together with the corresponding insoluble microsomal signal indicates the membrane 
bound localisation of AtClo-3 associated with organelles including, but not exclusively, the 
ER. However, unlike previous figures, figure 6.4 shows a modest band present in the low 
speed 5000xg insoluble fraction (P 5000xg). This pellet contains heavy membranes of which 
chloroplasts are the major constituents. Furthermore, literature suggests enzymes associated 
with phytooxylipin biosynthesis and the associated lipoxygenase (LOX) pathways of which 
AtClo-3 may be a component are located in the plastidial membranes of which chloroplasts 
comprise a significant percentage (Blee, 1998). Moreover, preliminary immunocytochemical 
microscopy data as a component of this chapter suggests AtClo-3 location in the chloroplast 
(see figure 6.19).  
 
6.2.1.2 AtClo-3 chloroplast localisation studies 
 
The inconclusive nature of the microscopy studies in determining the exact suborganellular 
location of AtClo-3 (see discussion), necessitated a biochemically investigation of the 
plastidial chloroplast localisation of AtClo-3 utilising the Percoll gradient method of 
chloroplast isolation (see chapter 2). Intact chloroplasts were isolated from unstressed and 
salt stressed 5-week old Arabidopsis leaves which were then osmotically and mechanically 
lysed and separated into stroma, thylakoid and envelope fractions (see figure 6.5). Control 
leaves had insufficient AtClo-3 to give a detectable signal, however, in salt stressed leaves it 
was clear that plastidial membrane-bound AtClo-3 was mainly located in the chloroplast 
envelope fraction which not only confirms the membrane bound localisation but in addition 
demonstrates for the first time, the significance of AtClo-3 as a potential enzyme of the LOX 
pathway. 
 
6.2.2 Proteolysis and orientation of Clo3 
 
6.2.2.1 History 
 
In silico analysis of caleosin isoform structure predicts differing secondary structures 
depending on the polarity of their environment and whether embedded in a lipid monolayer 
or bilayer layer such as the ER or chloroplasts. Indeed, Purkrtova et al., (2007) showed the 
versatility of caleosin isoform secondary structure. Caleosins embedded in bilayers were 
suggested to adopt a type I orientation i.e. with the N-terminal domain on the lumen side and 
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the C-terminus facing the cytosol (Singer, 1990). According to this working hypothesis, the 
active site of caleosin would face the ER lumen, whereas the phosphorylation sites would be 
in contact with the cytosol enabling interaction with cytosolic protein kinases. The Kyte and 
Doolite hydropathy plot (see figure 3.8 and figures 3.9) provides evidence for the type I 
orientation of AtClo-3 embedded in a lipid bilayer. The putative alpha helical membrane 
spanning domain (residues 88 to 113/236) is as expected relatively abundant in non-polar 
amino acids (figure 3.5). Directly adjacent to this domain is the proline knot (113 to 125/236) 
which is also highly hydrophobic and predicted to reside within the membrane (figure 3.5). 
However, residues 130-148/236 are relatively hydrophilic and predicted to loop outside the 
membrane, whilst the remaining C-terminus of the protein although modest in 
hydrophobicity relative to the membrane spanning region, contains numerous highly 
hydrophobic residues. Utilising both secondary structure and this investigations proteinase K 
digestion data, a revised predicted model of AtClo-3 in a type I orientation was constructed 
(see chapter 3). 
 
Unlike AtClo-3, AtClo-1 is bound to lipid monolayers and for thermodynamic reasons 
exposes both polar N- and C-terminal domains to the cytosol. At this stage in the 
investigation it was decided to experimentally determine the orientation and accessibility of 
the both caleosin isoforms utilising Proteinase K and Triton X-100 treatments. 
 
6.2.2.2 Results 
 
6.2.2.2.1 AtClo-1 proteolyses 
 
AtClo-1 was initially selected for proteolysis as the n-Clo antibody reacts to produce strong 
signals and as such only modest OB fraction concentrations were required. Proteinase K is an 
endolytic serine protease that cleaves peptide bonds at the carboxylic sides of aliphatic, 
aromatic or hydrophobic amino acids (Keil, 1992). Such degradation can only occur if most 
or all, of such residues are accessible for digestion by the proteinase. To begin with, 
relatively mild proteolysis conditions were selected such was the activity of the enzyme. OB 
fractions were purified from mature dry wild type Arabidopsis seeds (see chapter 2). Figure 
6.6 shows proteolysis of AtClo-1 with increasing concentrations of protease K, incubation 
temperature and time. Trition X-100 was used to denature the OB lipid bilayer causing total 
protease K mediated degradation of AtClo-1. Blot A shows little or indeed no degradation of 
Figure 6.6. Western blot analysis of proteinase K digestion of Clo-1 from oil bodies of 
mature Arabidopsis seed detected using the n-clo antibody
Western blot analysis was carried out using the polyclonal n-clo antibody. Oil body fraction 
from mature dry Arabidopsis seed was extracted (see chapter 2) prior to digestion with 
increasing concentrations of proteinase K (PK) for a variety of incubation temperatures and 
times. Appropriate positive and negative controls were used. Each sample was run on a 10% 
Schagger polyacrylamide gel and detected using 1:500 dilution serum. The apparent 
molecular weights in kDa are indicated.
Blot A: Samples were incubated on ice for 2 hours with increasing concentration of PK. 
Lanes: 1, control; 2, Triton X-100; 3, 10µg PK ; 4, 50µg PK; 5, 100µg PK; 6, 400µg PK; 7, 
750µg PK
Blot B: Samples were incubated at room temperature for 3 hours with increasing 
concentration of PK. Lanes: 1, control; 2, Triton X-100; 3, 10µg PK ; 4, 50µg PK; 5, 100µg 
PK; 6, 400µg PK; 7, 750µg PK
Blot C: Samples were incubated at 37oC for 17 hours with increasing concentration of PK. 
Lanes: 1, control; 2, Triton X-100; 3, 10µg PK ; 4, 50µg PK; 5, 100µg PK; 6, 400µg PK; 7, 
750µg PK
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AtClo-1 even at proteinase K concentrations as high as 750µg, however, digestion was 
performed on ice for 1 hour and as such, it was decided to repeat the proteolysis at room 
temperature (see figure 6.6 blot B). Yet again, limited proteolysis was demonstrated by a 
slight increase in potential partial degradation products and as such, the complete digestion of 
AtClo-1 was never observed even at the unusually high proteinase K concentration of 
1000µg. It was now apparent that AtClo-1 was resistant to relatively harsh proteolytic 
conditions potentially as a consequence of its predicted tertiary structure within the 
membrane in which both the N and C terminus are tightly associated with the lipid 
monolayer and thus protected from degradation. However, the optimum temperature of 
Proteinase K was 37
o
C and as such it was decided to significantly increase the stringency of 
both the incubation time and temperature to 24 hours and 37
o
C respectively. The proteolysis 
of AtClo-1 subject to these aforementioned harsher incubation conditions is shown in figure 
6.6 blot C. The apparent molecular weight of AtClo-1 remains equal to that of the control up 
to a proteinase K concentration of 400µg above which proteolysis of AtClo-1 occurs, 
illustrated by a marked decrease in apparent molecular weight. The antibody used for 
detecting AtClo-1 was specific for the N-terminus and as such it is possible to conclude that 
the N-terminus is in a type I orientation located on the cytoplasmic side of the OB where 
approximately 2 kDa of the protein is accessible to proteolysis. This further suggests that the 
majority of the protein is buried deeply within the OB. It is also interesting to observe that 
the intensity signal of the degradation products decreases with increased protease K such that 
at concentrations of equal to or greater than 400µg, the partial degradation products all but 
disappear. This suggests the peptide fragments are too small and/or sparse as a result of 
proteinase K-mediated digestion for subsequent detection. Furthermore, the AtClo-1 intensity 
signal was relatively constant with increasing protease K concentration, suggesting that the 
partial degradation products may not be that of AtClo-1 proteolysis but rather that of other 
proteins. 
 
According to the predictive model of AtClo-1, the C-terminal might also be exposed and thus 
available for proteolysis. As such it was decided at this point in the investigation to detect 
OB located AtClo-1 using the C-terminal specific antibody following proteolysis. However, 
the problem associated with this experiment was the efficacy of the antibody. Preliminary 
Western blot analyses of OB fractions detected using the C-terminal domain specific 
antibody showed poor and diffuse AtClo-1 signals intermixed with numerous and diffuse 
crossreacting bands. Nevertheless, it was decided to perform the proteolysis of AtClo-1 
 172
embedded in OBs under the conditions which should produce cleavage of AtClo-1. As 
expected the blot was of poor quality and must be analysed with caution (see figure 6.7). 
Nevertheless, the fact that a proteinase K concentration above 50µg abolished the 25 kDa 
band suggests the C-terminus recognized by the antibody is accessible to the enzyme. This 
data combined with the N-terminal proteolysis data confirms the orientation of AtClo-1 as 
originally demonstrated by Hanano et al (2006). 
 
6.2.2.2.2 AtClo-3 proteolysis 
 
Predictive models of AtClo-3 in a lipid bilayer demonstrate a type I orientation (Murphy, 
2001), i.e. with the N-terminal domain
 
on the lumen side and the C terminus facing the 
cytosol (see figure 3.9) However, this orientation has never been confirmed experimentally 
and as such it was important to do so here. The Clo3N B antibody reacts specifically and 
strongly with the N-terminus of AtClo-3 and was, therefore, the choice of primary antibody 
for AtClo-3 proteolysis/orientation studies. It was decided to initiate the investigation with 
relatively mild proteolysis conditions which like AtClo-1 proved futile regarding cleavage 
but nevertheless demonstrated the proteins’ resistance to proteolysis. Figure 6.8 shows the 
attempted proteolysis of AtClo-3 incubated at room temperature for 1 hour with increasing 
protease K concentrations previously extracted from unstressed 5-week old Arabidopsis 
leaves. Treatment with Triton X100 shows complete solubilisation of the microsomal 
membrane. However, this modest stringency of proteolysis presented no degradation or 
indeed partial degradation of AtClo-3 even at proteinase K concentrations in excess of 
1000µg. It was, therefore, decided to increase the proteolysis stringency conditions to that 
which produced a AtClo-1 cleavage. Figure 6.9 shows the proteolysis profile of 5 week old 
Arabidopsis leaf microsomal AtClo-3 to increasing proteinase K concentrations using Triton 
X-100 treatment as the control. It is observed that the microsome-associated form of AtClo-3 
was protected from proteinase K digestion, with the exception of a small fragment of about 2 
kDa, which was removed by protease levels in excess of 100 µg. The remainder of the 
AtClo-3 protein was still detectable following removal of this fragment at the higher protease 
K concentrations, indicating that the cleavage had occurred at the C-terminus and that the 
protein was therefore orientated with its N-terminus facing into the microsomal vesicles.  
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6.2.3 Functional studies 
 
6.2.3.1 History 
 
Seed-specific caleosins have been reported to bind calcium and to be phosphorylated (Chen 
et al., 1999; Hanano et al., 2006; Purkrtova et al., 2007; Takahashi et al., 2000). The stress-
induced AtClo-3 isoform described in this investigation shares a single putative calcium 
binding EF hand motif and several putative phosphorylation sites with this protein. In view 
of the response of AtClo-3 to abiotic stress and its possible role in plant stress adaptations, it 
was therefore important to determine the calcium and phosphate binding characteristics of 
this isoform during unstressed against stress conditions. 
 
6.2.3.2 Results 
 
6.2.3.2.1 Phosphorylation studies of AtClo-3 
 
This study utilised a new family of phosphoprotein selective dyes based upon 1,3-
[bis(pyridine-2-methyl)amino] propan-2-ol, a highly selective Zn (II) ion chelator operating 
at neutral pH. The chelator which is readily coupled to a variety of flourophores, in this case 
to phos-tag 300/460, absorbs maximally in the UV spectrum and emits around 650nm in the 
visible spectrum. Phosphotag selectively binds to the phosphomonoester residues of 
phosphoserine, phosphothreonine and phosphotyrosine residues via a charge-based 
coordination of chelated Zn
2+
 cations. A linear relationship exists between phosphorylation 
magnitude and emission. AtClo-3 has several predicted tyrosine and casein kinase 2 (CK2) 
domains and, although AtClo-3 is difficult to localise on SDS-PAGE gel, it was thought the 
induction of the protein during stress should enable detection of phosphorylation using this 
technique.  
 
Both PVDF membranes and protein gels may be stained with phosphotag. Staining PVDF 
membranes as opposed to gels demonstrated a distinct advantage in that the protein of 
interest may be easily identified through comparison of band profiles from a duplicate blot to 
that of the ‘sister’ blot stained with phosphotag. However, the relatively low abundance of 
AtClo-3 even when induced by stress is below the workable sensitivity threshold of 
Phosphotag stained PVDF (results not shown). Therefore, AtClo-3 was separated out on 
 174
three identical denaturing SDS-PAGE gels one of which was utilised for standard Western 
blotting and subsequent AtClo-3 immunological detection, while the second and third gels 
were stained with comassie and phosphotag respectively. This ensured ease of identification 
of AtClo-3 in the densely populated protein profile region of the Coomassie blue and 
phosphotag stained gels.  
 
Five-week old Arabidopsis was subject to the abiotic (salt) stress and ABA treatment which 
elicited a marked induction of AtClo-3 protein synthesis. Total protein from both leaf and 
root was extracted and subject to standard Schägger SDS-PAGE separation prior to staining 
and/or blotting. The phosphorylation status of AtClo-3 from stressed and unstressed plants as 
demonstrated by the PhosphoTag assay is shown in figure 6.10. The Coomassie stain of the 
duplicate gel shows total protein content. Equal loading of protein was applied to each lane. 
It is observed that the phosphorylation status of both leaf and root AtClo-3 modulates from 
‘off’ in unstressed to ‘on’ when subject to both salt stress and ABA treatment. However, it 
could be argued that as a consequence of stress or ABA treatment, the apparent increase in 
phosphorylation was merely a function of increased AtClo-3 abundance and that the assay 
was not capable of showing the phosphorylation of the minimal levels of AtClo-3 protein 
present in unstressed tissue. As such the phosphorylation status of AtClo-3 is always on 
regardless of stress state. However, Coomassie blue staining suggests that during elicitation, 
the level of induction of AtClo-3 is less than the corresponding increase in the 
phosphorylation signal. This suggests that stress does elicit phosphorylation of the protein. 
However, given the protein expression of AtClo-3 in control tissue was approximately 30% 
less than that of salt stressed tissue, the control lanes were purposely overloaded by a factor 
of three such that the intensity of immunodetected control and salt stressed AtClo-3 were 
equivalent. The corresponding Western blot shows equal abundance of AtClo-3 in each lane. 
Accordingly, the phosphoTag assay clearly shows the increased phosphorylation status of 
AtClo-3 in salt stressed leaf and root compared to controls regardless of the decreased total 
protein loading compared to controls (see figure 6.11). 
 
6.2.3.2.2Pharmacological inhibition of phosphorylation  
 
AtClo-3 possesses three protein kinase CK2 sites to one tyrosine kinase site. Furthermore, as 
Ser/Thr or Ser/Thr and/or Tyr phosphorylation by MAPK and CK2 is classically more 
abundant than Tyr phosphorylation by the phosphotransfer capabilities of tyrosine kinases 
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proper in plants, it was of interest to determine which phosphorylation sites are stress- 
mediated phosphorylated in AtClo-3. Therefore, 2-dimethylamino-4,5,6,7-tetrabromo-
benzimidazole (DMAT) a cell-permeable brominated benzimidazolo compound that acts as a 
potent, high affinity and ATP-competitive inhibitor of CK2 which is superior to the classical 
CK2 inhibitor, 4,5,6,7-Tetrabromotriazole (TBB), was used to inhibit AtClo-3 CK2 
phosphorylation (Pagano et al., 2004). Six-week old Arabidopsis plants were grown 
hydroponically while their roots were growing in 200 mM NaCl-supplemented nutrient 
solution for four days. A 20 µM solution of DMAT was exogenously applied to the foliage 
until saturated and incubated for 24 hours prior to total protein extraction of the leaves. A 
suitable salt stressed control plant was sprayed with water. Figure 6.12 shows that leaves 
treated with DMAT show a reduced phosphorylation signal compared to salt control while 
the Western blot demonstrates similar protein loading of salt stressed control and salt stressed 
DMAT treated leaves. While this data can not eliminate the possibility that the putative 
tyrosine kinase might be phosphorylated, nevertheless, suggests that AtClo-3 protein kinase 
CK2 sites become phosphorylated during stress likely through a CK2 kinase mediated 
phosphotransfer. 
 
6.2.3.2.3 AtClo-3 calcium binding studies  
 
Previous work demonstrated that AtClo-1 both in vivo (in OBs) and in vitro (overexpressed 
in E.coli) does bind calcium. However, the novelty of conducting AtClo-3 calcium mobility 
shift assay in light of the response of AtClo-3 to stress and its possible role in plant defence, 
prompted the determination of the calcium binding characteristics of this isoform under stress 
versus unstressed conditions. EDTA is an effective chelator of divalent cations such as Mg
2+
 
and Zn
2+
, however its relatively low affinity for Ca
2+
 provided a modest initiation point for 
the study prior to utilising the more stringent EGTA. Total protein was extracted from 5-
week old wild type Arabidopsis leaf tissue unstressed and stressed (with salt) as described in 
Chapter 2. Figure 6.13 shows the potential mobility shift of AtClo-3 in unstressed and 
stressed tissue, respectively, subject to EDTA with and without differing concentrations of 
Ca
2+
. It is observed that the addition of EDTA has no effect on the mobility of AtClo-3 in 
vivo. As a consequence of EDTAs low affinity for Ca
2+
, this was no surprise. Therefore, the 
experiment was repeated using EGTA which preferentially binds Ca
2+
 with a significantly 
greater affinity than the other divalent cations. Figure 6.14 show AtClo-3 calcium binding 
characteristics from salt stressed Arabidopsis when subject to EGTA or initial EGTA before 
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the addition of various calcium concentrations and/or further EGTA treatment (Figure 6.14, 
lane 6).  
Moreover, this figure also represents the mobility shift when AtClo-3 treated with EGTA, 
was subsequently treated with Ca
2+ 
prior to
 
yet further metal chelating treatment. (Figure 
6.14, lane 6). Binding was observed at two different calcium concentrations (10 and 100 
mM) and was effectively abolished by incubation with EGTA. It is observed that AtClo-3 
migrated slower after EGTA treatment which could be rescued by subsequently adding Ca
2+
. 
Furthermore, the faster migrating Ca
2+
 bound AtClo-3 could be retarded by EGTA treatment. 
This result shows AtClo-3 is a Ca
2+
 binding protein and that Ca
2+
- bound AtClo-3 renders a 
more compact structure and migrates faster than its Ca
2+
 free conformation. However, the 
addition of EGTA to samples with no additional Ca
2+
 also resulted in a mobility shift 
suggesting the protein always binds Ca
2+
. Moreover, the Ca
2+
 binding characteristics of 
stressed AtClo-3 was no different to that of unstressed tissue (see figure 6.15) and as such 
AtClo-3 was always capable of binding calcium, whether it was present in untreated or 
stressed plants. Calcium binding results in a mobility increase on SDS-PAGE equivalent to 
an apparent shift of 2 kDa in molecular mass and is in accord with the predicted model for 
AtClo-3 (see discussion). 
 
Magnesium is another important divalent cation normally present in the cell at higher 
concentrations than Ca
2+
 and as such it would be interesting to determine AtClo-3 specificity 
for Mg
2+
. Figure 6.13 shows the EF-hand of AtClo-3 is also able to bind Mg
2+
. The use of 
EDTA as an Mg
2+
 chelating agent results in a mobility shift, demonstrating the Mg
2+
 binding 
ability of AtClo-3. 
 
6.2.4 Immunocytochemical localisation of AtClo-3 in unstressed and stressed 
Arabidopsis leaf 
 
Arabidopsis 5-week old leaf samples were harvested from unstressed and salt stressed or 
ABA treated wild type plants, fixed, dehydrated and sectioned for both immunofluorescence 
and electron microscopy and incubated with the Clo3N B antibody (see chapter 2). 
Methylene blue stain was also utilised to confirm the integrity of the samples. Previous 
biochemical data has shown a marked increase in AtClo-3 protein expression after 96 hours 
of salt stress or ABA treatment and as such to ensure the maximum possible induction of 
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AtClo-3 visualised during microscopy, plants were treated for this length of time prior to 
harvesting.  
 
6.2.4.1 Immunofluorescence 
 
Initially, immunofluoresence labelling was conducted using a fluorophore conjugated to the 
anti-rabbit secondary antibody AlexaFluor 633. Figure 6.16 A represents an unstressed 
Arabidopsis leaf sample stained with the AlexaFluor 633 in the absence of Clo3N B 
(negative control). The autofluorescence of the chlorophyll within each chloroplast is easily 
observed while all other intracellular components remain immunonegative. However, the 
addition of the Clo3N B antibody to the staining protocol introduces three differences in the 
immunofluoresence profile (see figure 6.16 C). 
1. An increase in the fluorescence of the chloroplasts (albeit slight) above the background 
autofluorescence. However, the diffuse nature of the signal makes it difficult to pinpoint the 
sub-organellar location of AtClo-3. Neverthless, this preliminary microscopy result supports 
the previous biochemical data that AtClo-3 is associated with chloroplasts.  
2. Immunopositive labelling of the cell wall or membrane of each cell distributed as 
definitive dots demonstrating the possible presence of AtClo-3. The greatest labelling is 
observed distributed characteristically as dots in association with the surfaces of the upper 
epidermal cells that face the extracellular matrix (periphery of the sample).  
3. Slight immunopositive labelling represented as pin prick sized dots is observed within the 
cytoplasm of many cells. The exact organellar location of these signals is not possible with 
immunofluorescence microscopy. It could be argued that these signals merely represent non-
specific artefact, however as the negative control is devoid of such signals, it suggests 
justifiable antibody-protein targeting within organelles.   
 
As opposed to unstressed leaf tissue, both salt stressed and ABA-treated leaves show a 
marked increase in the total immunofluoresence signal in association with the cell wall or 
membrane of leaf cells (see figures 6.17 and 6.18). However, the increase is more apparent 
on the peripheral surfaces of the upper epidermis of the leaf. In contrast, the immunopositive 
labelling of ABA-treated and, in particular salt stressed, leaf chloroplasts is reduced. Indeed, 
the methylene blue light micrographs of these samples show a marked decrease in the 
appearance of chloroplasts possibly as a cytotoxic effect of prolonged exposure to ABA and 
Figure 6.16. Microscopy images of fixed unstressed Arabidopsis leaf
A: Immunofluoresecence micrograph of a fixed and cut unstressed Arabidopsis leaf. The 
sample was incubated with Alexa Fluor 633 secondary antibody in the absence of primary 
antibody (negative control)
B: Light micrograph of unstressed Arabidopsis leaf stained with methylene blue
C: Immunofluorescence micrograph of unstressed fixed and cut Arabidopsis leaf. The 
sample was incubated with pimary antobody (Clo3N B) and subsequently Alexa Fluor 633 
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in particular the uptake of salt. As such caution must be exercised and the experiment 
repeated with less severe stress conditions.  
 
The cell membrane/wall immunopositive labelling is intriguing, not only as salt or ABA 
treatment increases the intensity of the signal which is consistent with biochemical 
expression data, however, should these signals represent the true location of AtClo-3, this 
demonstrates the localisation of AtClo-3 to the cell wall/membrane. AtClo-3 is a 
peroxygenase with a potential function in cell surface defence against pathogenic challenges 
(see disscusion). Of course, it must be emphasised that these experiments are preliminary and 
further studies are required. Furthermore, while the Clo3N B primary antibody is specific for 
the N-terminus of AtClo-3, previous Western blot analysis demonstrates crossreactions with 
other proteins particularly with the 55 kDa subunit of rubisco. These crossreactions become 
more important at high antibody concentrations such is utilised in immunocytochmistry. The 
crossreactions during the microscopy studies were unavoidable at this time and as such 
caution must be exercised when interpreting the microscopy localisation determination of 
AtClo-3. However, the immunofluoresecene labelling of chloroplasts and possibly cell 
wall/membrane is in accordance with biochemical subcellular localisation data. Indeed, it 
must be emphasised cell wall/membranes in addition to chloroplast and other plastidial 
membranes will be an unavoidable component of leaf microsomal fractions such was the 
preparation technique utilised. 
 
At this point in the investigation, immuno-gold labelling was conducted to refine the 
subcellular localisation of AtClo-3.   
 
6.2.4.2Transmission electron microscopy 
 
To demonstrate the precise intracellular and organellar localisation of AtClo-3, an attempt 
was made to immunogold-label the protein. This technique was used successfully for 
determining AtClo-1 distribution in seed (Poxleitner et al., 2006). Electron microscope 
sections through the leaves of Arabidopsis wild type which were either unstressed or salt or 
ABA treated, were immuno-gold labelled. Figure 6.19 demonstrates the efficacy of the gold-
conjugated secondary antibody such that no labelling of chloroplasts or the surrounding 
vacuole is observed in the absence of the Clo3N B antibody (negative control). However, the 
addition of the Clo3N B to an unstressed leaf sample introduces substantial gold labelling 
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(see figure 6.20). Labelling is observed both within the chloroplasts, possibly embedded 
within the thylakoid membranes, and most encouragingly within the envelope of unstressed 
leaf. Indeed, the envelope labelling appears to be localised to both the outer and inner 
membrane.  
 
It is not clear whether ABA-treated leaf samples show an increase in labelling (see figure 
6.21). Nevertheless, the labelling present is (not unlike unstressed) associated with 
chloroplasts, however slight labelling was also observed in the vacuoles (not shown). This is 
surprising, all biochemical and putative predictive model data suggest a membrane bound 
protein. As such this labelling could represent the locations of crossreactive proteins, not 
AtClo-3. Furthermore, the presence of gold particles present in the stroma of chloroplasts 
could be a consequence of the crossreaction potential of the Clo3N B antibody with rubisco. 
However, as most of the intra-chloroplast labelling is observed in association with the 
thylakoid membrane this suggests that AtClo-3, not unlike rubisco, is a stromal protein. 
Moreover, biochemical data also demonstrates slight AtClo-3 abundance in the thylakoid 
fraction although caution should be exercised here as this could represent contamination with 
the total intact chloroplast fraction. However, corroboration with TEM data tentatively 
suggests AtClo-3 localisation in the thylakoid membrane. 
 
It is not clear whether ABA treatment increases the abundance of gold labelling within the 
chloroplast envelope over that in the thylakoid membrane (see figure 6.21). It might be that 
the chloroplast membranes do not allow entry of antibody. Interestingly, figure 6.20 shows 
the possibility that the cell membrane is labelled with gold. However this is not clear and in 
addition to the immunofluorescence microscopy requires further work. The potential regio-
specific labelling is more apparent in figure 6.21. Here, tentative gold labelling is present 
within what appears to be the cell membrane, sometimes as clusters. Slight light labelling of 
the vacuoles, cell wall and even the apoplast is also observed suggesting probable 
crossreaction with a soluble protein. 
 
The difference in gold labelling of salt stressed or ABA treated samples compared with 
unstressed is speculative. Nevertheless, potential chloroplast labelling supports both the 
biochemical and immunofluorescence data, however, it should be emphasised that the 
immunocytochemical studies are very much preliminary and at times not reproducible. 
Moreover, the Clo3N B antibody suffers crossreactions with other proteins including rubisco. 
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Figure 6.21. Immunogold-labelled section through an ABA treated Arabidopsis
mature leaf cell
Sections were incubated with antibodies raised to Clo-3 (1:5000 dilution) followed by a 
secondary antibody conjugated to 15 nm gold particles (1:5000 dilution). The sections 
were viewed under the transmission electron microscope and demonstrates 
immunogold-labelling in association with the cell membrane/wall. The arrows indicate 
the location of the gold particles. C, chloroplast; W, cell wall; V, vacuole.
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It is therefore important to emphasise that more work is required to improve the efficacy and 
reproducibility of this microscopy study data and as such the data is encouraging but 
inconclusive. One such improvement could be to further purify the Clo3N B antibody so as 
to reduce or eliminate cross-reactions with other proteins particularly rubisco when using the 
antibody at very high concentrations. The immunocytochemical study was also not able to 
confirm the presence of AtClo-3 within ER or other plastids. However, such is the 
importance of AtClo-3 localisation to its function as a peroxygenase in plant defence and 
adaptations to stress, future work should concentrate on verifying the intracellular 
distribution of AtClo-3 using TEM.  
 
6.3 Discussion 
 
6.3.1 AtClo-3: a putative peroxygenase 
 
During the course of this caleosin study, a significant development in caleosin structure-
function relationships occurred when a French research group discovered that AtClo-1 which 
is similar in primary structure to AtClo-3 (65% identity, 78% conservative substitution), is a 
haem-oxygenase (peroxygenase) (Hanano et al., 2006). Peroxygenases are not a well known 
class of enzymes. However, peroxygenase is a component enzyme of the well known 
lipoxygenase pathway (LOX). The lipoxygenase pathway is responsible for the synthesis of a 
wide variety of phytooxylipins which possess antimicrobial and defence signalling activities 
in addition to providing monomeric components of cutin.  
 
In this investigation, initial biochemical subcellular localisation studies demonstrate the 
microsomal, hence membrane, localisation of AtClo-3. However, the inherent disadvantage 
of the microsomal isolation and purification technique is that the endoplasmic reticulum, 
tonoplast, chloroplasts and indeed the cell membrane itself, are all constituent components of 
the microsomal fractions. As such, chloroplast isolation analysis later suggested AtClo-3 in 
association with chloroplast envelope. Interestingly, an analysis of the Arabidopsis vacuolar 
proteome isolated from leaf protoplasts has shown that AtClo-3 is present on the tonoplast 
membrane (Carter et al., 2004), although this studies microscopy analysis failed to 
demonstrate such location. The chloroplast envelope and possible cell membrane bound 
location of AtClo-3 is consistent with the speculative functions of AtClo-3 as a constituent of 
the peroxygenase cascade of which its function is two fold: 
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1. The synthesis of plant oxylipins with potential anti-fungal and microbial properties as a 
component enzyme of the LOX pathway. 
2. An enzyme involved in the synthesis of the abundant C16 cutin monomer 9,10-epoxy-18-
hydroxystearic acid and or other cutin monomer oxidation and epoxidation. 
 
An intriguing and highly interesting development from the microscopy work is the possible 
localisation of AtClo-3 on the cell membrane and possibly within the apoplast, with 
particular abundance present on the upper epidermal cells facing the extracellular matrix. 
Such localisation is consistent the speculative function of AtClo-3 as a component enzyme of 
cuticle monomer synthesis, which require enzymes close to or at the cell membrane or cuticle 
interface (Lequeu et al., 2003). The biochemical and possibly the microscopy derived 
localisation data tentatively demonstrate the plasmalemma bound and apoplastic localisation 
of AtClo-3. However it must be stressed that the immunocytochemical studies suffered 
reproducibility issues and as such more work is required to verify the results. 
 
What follows is an overview of the physiological function of peroxygenase with regard to its 
association with plant cell membranes.  
 
The peroxygenase cascade is an alternative route for metabolism of fatty acid hydroperoxides 
that leads to formation of epoxy and hydroxy derivatives of α-linolenic acid. This pathway is 
known to be part of the general defence response against fungal infection in the vegetative 
tissues of plants such as tomato or rice (Ohta et al., 1990). In seed tissues, peroxygenases 
appear to have a role in the generation of anti-fungal metabolites such as hydroxy-epoxy fatty 
acids (Prost et al., 2005; Hamberg & Hamberg, 1996). A recent study evaluating the 
antimicrobial activities of plant oxylipins shows that products of peroxygenase activity (the 
epoxy and hydroxyl compounds) show antibacterial as well as antifungal properties. For 
example, 13-hydroxyoctadecadienoic acid shows significant fungicidal properties against the 
fungus Peronospora parasiticia and the bacteria Psuedomonas syringae (Prost et al., 2005). 
While this studies total microsomal fraction peroxygenase activity could result from several 
enzymes, the modest, but consistent increase after salt stress followed a significant increase 
in AtClo-3 protein levels (see table 6.1) and is indirect evidence consistent with the activity 
of AtClo-3 as a peroxygenase in vivo. Moreover, the fact that AtClo-3 was strongly induced 
in leaves following infection by Leptosphaeria maculans implies that one role of AtClo-3 as 
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a peroxygenase could be involved in producing hydroxy fatty acid derivatives with potential 
anti-fungal/bacterial and/or defence signalling properties assisting the defence functionality 
of HR both at the cell surface pathogen interface and intracellular. Interestingly, Class III 
peroxidases although not membrane bound but localised in the cell wall, participate in a 
broad range of physiological processes, such as lignin and suberin formation, cross-linking of 
cell wall components, synthesis of phytoalexins and the activation of HR (Almagro et al., 
2008), all of which provide extra-layers of defence against pathogens. 
 
Oleic acid, 18-hydroxyoleic acid, 10-epoxy-18-hydroxystearic acid and 9,10,18-
trihydroxystearic acid together with some of their 12,13-unsaturated analogues are the major 
constituents of the C18 family of many cutins of plants which are attached to the epidermal 
cell walls (Kolattukudy, 2001). These oxylipins are derived from the unsaturated fatty acids, 
oleic or linoleic acid by hydroxylation and epoxidation of a double bond followed by the 
hydrolysis of the corresponding epoxide which involves peroxygenase (Blee and Schuber 
1992, Lequeu et al., 2003). Despite the fact that the composition of cutin changes with age of 
the cuticles, the major monomer remains 9,10-epoxy-18-hydroxystearic acid which involves 
peroxygenase for the initial epoxidation reaction (Blee, 1998). Cutin is a biopolymer formed 
by a reticulated network of phytooxylipns generally C16 and C18, crosslinked by ester 
bonds.  All aerial surfaces of vascular plants are covered by a thin film of these oxylipins 
called the cuticle which plays a key role at the interface of higher plants with their 
environment. For example, the cuticle protects tissues from mechanical damage, reflects, 
attenuates radiation and prevents uncontrolled water loss (Kerstiens, 1996). The elucidation 
of enzymes involved in cutin monomer biosynthesis is only just emerging and is thought to 
be highly complex. The oxidation of fatty acids and glycerol to cutin monomers occurs in the 
ER by the actions of P450 oxidases and others. The cutin monomers maybe transported via 
oleophillic droplets or cytoplasmic carrier proteins to the cell membrane and or cell 
wall/cuticle interface and subsequently deposited prior to esterification or epoxidation by cell 
membrane peroxygenases (Pollard et al., 2008). Indeed, the transmission electron 
microscopy data of this study tentatively demonstrates the possibility of AtClo-3 localised to 
the cell membrane. More work is required to verify this. 
 
Apart from cutin biosynthesis, AtClo-3 may also play a role in stress induced phyto-oxylipin 
synthesis. Stress acclimating plants respond to abiotic and biotic stress by remodeling 
membrane fluidity and by releasing α-linolenic (18:3) from membrane lipids. Adjustment of 
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membrane fluidity not only maintains an environment suitable for the function of critical 
integral proteins during stress, but α-linolenic acid, released from the membrane by the 
regulated activity of lipases, is the precursor molecule for phyto-oxylipin biosynthesis 
(Upchurch, 2008). Plastid envelopes and plasma membranes are well-known locations for 
enzymes of the LOX pathway and consequential oxylipin metabolism. For example, allene 
oxide synthase and hydroperoxide lyase are plastidial and LOX is associated with both 
chloroplast envelope fractions (Farmaki et al., 2007) and the apoplast (Sicilia et al., 2005). 
Interestingly, this study showed that at least a proportion of microsomal AtClo-3 is located in 
the envelope of chloroplasts supporting its potential role as a peroxygenase of the LOX 
pathway. Furthermore, recent research demonstrates the modulation of chloroplast oleic acid 
(18:1) levels is central to the normal expression of defence responses to pathogens in 
Arabidopsis (Kachroo., et al 2008). AtClo-3 may be involved as peroxygenase in the 
biosynthesis of oleic acid derived plant defence oxylipins. The tentative localisation of 
AtClo-3 as confirmed by immunocytochemistry, more specifically TEM studies is in some 
agreement with the speculative functions of a membrane bound chloroplast localised 
peroxygenase. Interestingly, the immunopositive fluorophore signals and immunogold 
labelling were observed to increase in leaves subject to abiotic stress or ABA application in 
association with chloroplast envelope locations. Given the consistency with the biochemical 
expression studies and accounting for the speculative function of AtClo-3, it appears the 
apparent induction of labelling during elicitation is could be AtClo-3 regardless of antibody 
efficacy. 
 
Figure 6.22 attempts to summarise the biochemical and spatial characteristics of AtClo-3 as a 
putative peroxygenase encompassing the studies findings regarding its membrane 
localisation on chloroplast envelope and the cell membrane from which it could synthesise 
epoxy-hydroxy PUFAs required for defence and/or signalling. 
 
Oxylipins may be fundamental in plant/pathogen interactions partially protecting plants from 
fungal attack. For example, young barley leaves infected with the fungus Erysiphie graminis 
have difficulty penetrating the plant epidermis when sprayed with 9,10-epoxy-18-
hydroxystearic acid (a peroxygenase catalysed product). Bean leaves treated with cutinase 
become protected against infection by Rhizoctonia solani (Parker and Koller, 1998). The 
protective mechanism remains unclear, but Schweizer et al, (1996) clearly demonstrated with 
different models that pathogen-challenged plants perceived cutin monomers as endogenous 
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molecules for the induction of resistance. Also, an enhanced elicitation of H2O2 was reported 
in cucumber hypocotyls in the presence of cutin monomers (Fauth et al.,1998). It is striking 
that 9,10,18-trihydroxystearic and 18-hydroxy-9,10-epoxystearic acids, which are the major 
C16 cutin monomers (Kolattukudy, 1981), also greatly elicit both defence mechanisms and 
an increase in intracellular H2O2, a significant signalling molecule in SAR against biotrophic 
pathogens. Moreover, the use of organophosphorothioates as peroxygenase inhibitors 
increased the susceptibility of maize leaves to fungal infection, confirming the importance of 
peroxygenase in modulating cuticle constituents in plant-pathogen interactions (Lequeue et 
al., 2003). Could the potential pharmocological inhibition of AtClo-3 increase the rate of 
Leptospharia maculans infection rate?  
 
In contrast, and more recently it has been demonstrated that besides being constituents of 
protective layers, hydroxy fatty acids may actually enhance pathogenicity of some fungi. 
Spores of virulent fungi carry cutinases, which hydrolyse cutin when they come into contact 
with plants (Kolattukudy et al., 1995). The release of cutin monomers is a major event during 
the infection of plants by fungal pathogens. The monomers have been shown to enhance the 
transcription of cutinase genes (Li and Kolattukudy, 1995). They also stimulate the formation 
of an appressorium, a specialized infection structure that facilitates the penetration of the 
fungus, (Francis et al., 1996; Gilbert et al., 1996). However, the importance of cutinase 
during infection is controversial. Studies based on the use of cutinase-lacking mutants 
demonstrate that cutinase is not essential for the pathogenicity of various fungi (Crowhurst et 
al., 1997). 
 
The studies data therefore suggest that AtClo-3 occurs in multiple membrane locations in leaf 
cells, which is consistent with its involvement in response to several divergent forms of 
biotic and abiotic stress. 
 
6.3.2 AtClo-3 and calcium 
 
The experimental elucidation of a proteins conformation is critical to its functional properties 
i.e. structural protein, a signalling protein or an enzyme which may be part of a signalling 
network. A model structure of caleosin on OB surface is based on both thermodynamic 
properties (Hanano et al., 2006; Purktova et al., 2007) and the similarity of AtClo-1 structure 
to that of oleosins (Chen et al., 1999) such that AtClo-1 exposes both polar N- and C-
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terminal domains to the cytosol. The speculative function of AtClo-1 is in calcium-mediated 
OB vacuole interactions and membrane-fission interactions and as such, its type II 
orientation allows an oleosin-like stabilisation of the OB whilst the N-terminal Ca
2+
 binding 
EF hand is exposed to the cytosol where calcium is capable of binding. This calcium- 
mediated interaction is, however controversial as this study and Hanano et al (2006) show 
that Ca
2+
 is constantly bound to AtClo-3 and oat Clo-1 and as such implies that Ca
2+
 may be 
required for the structural integrity and/or catalytic activity of caleosins.  
 
Traditionally, the role of Ca
2+
 binding has been focussed on signal transduction which is 
associated with Ca
2+
 induced conformational changes and their effects on target interactions. 
For example, Ca
2+
 mediated activation of calmodulin modulates other enzymes or proteins 
by removing autoinhibitory domains and as such why caleosins were thought to be regulated 
in a calcium dependent manner. However, Ca
2+
 can also play a structural role and in many 
cases the binding of this cation is key to structural integrity of the protein. For example, EF-
hands that serve a structural function have a Ca
2+
 affinity high enough for Ca
2+
 to be bound 
even in the resting state (Gifford et al., 2007). This is consistent with the observation that 
Ca
2+
 is required for the peroxygenase activity of AtClo-1 (Hanano et al., 2006). This study 
demonstrates that the native AtClo-3 binds Ca
2+
 regardless of the stress status and as such 
Ca
2+
 is likely not a key regulator but rather a structural requirement of AtClo-3. Moreover, 
this investigation also demonstrated the ability of the single EF-hand of AtClo-3 to bind an 
alternative and biologically important divalent cation Mg
2+
. It should be noted that some EF-
hands also bind divalent cations other than Ca
2+
, and that Ca
2+
/Mg
2+
 exchange readily occurs 
(Allouche et al., 1999). Since the cytoplasmic Mg
2+
 concentration is far higher than that of 
Ca
2+
, it is possible that Mg
2+
 is a primary cellular ligand for the single caleosin EF-hand and 
as such ensures structural integrity or continuous catalytic functionality irrespective of Ca
2+
 
concentrations (Gifford et al., 2007). Indeed, Mg
2+
 is required for the stability and structural 
integrity of CaBPs (Mukherjee et al., 2007) although many possess more than one EF-hand 
to which Ca
2+
 and Mg
2+
may bind. Conversely, consistent with the fact that Ca
2+ 
per se is 
required for proper functionality, recent research shows that Ca
2+
-bound to recombinant 
Arabidopsis AtClo-1 modifies the shape and aggregation state of purified oil bodies, 
highlighting the importance of Ca
2+
-bound caleosin.  
 
Previous studies present evidence that AtClo-1 dimerises (Hanano et al., 2006) and as such 
its membrane fusion/fission events may be regulated through EF-hand mediated dimerisation 
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of neighbouring AtClo-1. However, this studies numerous SDS-PAGE and subsequent 
Western blots showed no evidence of AtClo-3 dimerisation, which may be expected given 
the markedly different environments and functional roles of AtClo-3 in contrast to AtClo-1. 
 
6.3.3 Caleosin orientation studies 
 
As opposed to AtClo-1, previous studies have not yet demonstrated the orientation of AtClo-
3. However, this chapter demonstrates the confirmation of the type II orientation of AtClo-1 
in a lipid bilayer such as OBs utilising the corroborating proteolysis data presented by both N 
and C-terminal specific antibodies. In addition, the AtClo-3 proteolysis investigation 
demonstrated for the first time that microsomal AtClo-3 exhibits a type I membrane 
orientation with only about 2 kDa of its C- terminal facing the cytosol. Given that the protein 
sequence contains just one predicted transmembrane domain and that the N-terminal was 
protected from proteolysis even at very high ratios of proteinase K/caleosin, this suggests that 
about 9 kDa of the N-terminal region faces the lumen. This corroborates the updated in silico 
model of AtClo-3 structure (see figure 3.9) which is based upon the PredictProtein program 
(Rost et al., 2004). Both PredictProtein and the Kyte and Doolittle hydropathy plots systems 
of protein secondary structure prediction suggest numerous amino acid residues in the C-
terminal domain of AtClo-3, specifically between residue numbers of 140 to 208, being 
relatively highly hydrophobic and provide the characteristic hydropathy plot spikes within 
this region of the protein (see figure 3.8). This implies these residues are either closely 
associated or embedded within the bilayer. Such tight association may prevent proteinase K 
from cleaving at the numerous hydrophobic aliphatic and aromatic amino acids. As such, 
only the 2 kDa tail-end of the C-terminal is accessible to proteolysis.  
 
A type I orientation is a classical arrangement of a protein involved in signal transduction or 
regulatory function within cells. i.e N-terminal facing the lumen and the C-terminal facing 
the cytosol. Such an orientation would enable the calcium-binding EF hand domain to 
interact with pools of calcium within the lumen of a microsome (Murphy, 2001) and as such 
maintain structural integrity. It would also place the highly conserved tyrosine kinase 
phosphorylation site and the casein kinase (CK2) sites on the cytosolic side of the membrane 
where they could interact with cytosolic protein kinases. Both intracellular calcium 
concentration and phosphorylation of proteins play major roles in signalling cascades and the 
regulation of proteins comprising those cascades. Ca
2+
 is not likely involved in regulating 
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AtClo-3 and its potential peroxygenase activity and as such it is reasonable to suggest that 
the phosphorylation status of AtClo-3 may play a more regulatory role during stress 
elicitation and possibly influence its peroxygenase catalytic activity. 
 
6.3.4 AtClo-3 phosphorylation status 
 
AtClo-3 has several putative phosphorylation sites, both CK2 and tyrosine kinase. The 
intriguing finding of this study demonstrates that AtClo-3 is phosphorylated during abiotic 
stress or ABA application. Pharmacological studies utilising a highly specific protein kinase 
CK2 inhibitor showed that the CK2 sites of AtClo-3 become phosphorylated in both leaf and 
root tissue during salt stress and after the exogenous application of ABA. Protein kinase CK2 
are well known tetrameric Ser/Thy phosphotransferases involved in cell division and 
expansion partly as a result of the regulation of the cell cycle (Espunya et al., 2005; Moreno-
Romero et al., 2008). However, it is becoming apparent that these kinases are also important 
components of stress signalling pathways and are able to phosphorylate many hundreds of 
distinct protein within different parts of the cell (Litchfield, 2003). AtClo-3 is now a likely 
candidate of such interaction with a CK2. 
 
6.3.5 Peroxygenase assay of membrane bound proteins  
 
This studies preliminary peroxygenase assay data (see table 6.1) which suggest a slight 
increase in microsomal peroxygenase activity during salt stress, suggests the possibility that 
at least one of the CK2 phosphorylation sites of AtClo-3 interacts with a protein kinase CK2 
and consequently may regulate the putative catalytic activity of AtClo-3. However, it must be 
stressed that the data does not determine whether the stress mediated phosphorylation of 
AtClo-3 actually elicits an effect on its peroxygenase activity. Moreover, it is possible to 
argue that the observed apparent increase in peroxygenase (POX) activity during salt stress is 
a result of an increase in protein abundance rather than catalytic activity. However, given that 
phosphorylation of AtClo-1 does not modify its catalytic activity (Hanano et al., 2006) future 
work should concentrate on determining whether this is true for AtClo-3, which after all is 
present in a markedly different environment, highly responsive to stress and exhibits a type I 
rather than a type-II orientation. 
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Chapter 7     General discussion and future directions 
 
7.1 General discussion 
 
The original purpose of this study was to investigate the function of a novel class of 
genes/proteins called caleosins. What we now designate as the stress induced AtClo-3 gene 
was originally isolated from an ABA-treated cDNA library whose encoded products were at 
the time of unknown function while the seed-specific isoform was identified through immuno-
detection (Frandsen et al., 1996, Chen et al., 1998). The presence of a Ca
2+
 binding domain in 
addition to the oil body localisation of the seed-specific isoforms, and their putative secondary 
structure similar to that of oleosin, determined the name caleosin. Oleosin proteins in seeds are 
associated with the surface of storage oil bodies and are believed to stabilize these organelles 
during desiccation. However, as caleosins possessed putative functional domains such as the 
EF-hand Ca
2+
 binding domain, and the tyrosine and casein kinase 2 domains, the expectation 
was that caleosin might demonstrate a more dynamic functional role to that of oleosin and one 
which might mediate oil body fission fusion events. It was also thought that Ca
2+
 might play an 
important role in regulating the activities of the protein binding oil bodies or ER membranes 
and more recently vacuoles and glyoxysomes. Similarly, it was speculated that the membrane 
bound caleosin might be involved in membrane-fission and/or fusion related to trafficking 
from the ER to storage or transport vesicles. This investigations preliminary work suggested 
the 25- and 27kDa caleosin isoforms predominated in plants. As shown in this study, however, 
the true situation is much more complex. These caleosin genes were found to belong to a large 
family of similar genes that totalled seven in Arabidopsis and that are also expressed in a 
diverse array of plant tissue from seed to pollen. Moreover, caleosin-like sequences are 
ubiquitous in the genomes of all green plants (Chlorobionta/Viridiplantae), including non-
spermatophytes such as mosses, and are also present in single-celled algae and the fungi. This 
indicates that these proteins have roles in addition to those previously characterised in relation 
to seed development and germination (Hanano et al., 2006; Poxleitner et al., 2006).  
 
One member of this gene family, Arabidopsis AtClo-3, has been extensively characterized in 
this study and demonstrates a putative peroxygenase activity responsive to stress. It is strongly 
 189 
induced in non-seed tissues especially leaf and flower by a variety of environmental stresses in 
a manner suggestive of its role in oxylipin signalling pathways, including those regulated by 
mediators like ABA and SA. This is consistent with the protective roles of phyto-oxylipins as 
defence signalling molecules and direct anti-microbial properties (see figure 7.1). The observed 
response of the Arabidopsis AtClo-3 gene to ABA and SA induction is consistent with the 
presence of several predicted consensus ABA-responsive elements (ABRE)-like sequences and 
one predicted W-box motif in its promoter region. However, this study also presents indirect 
evidence that these cis-acting elements play a role in mediating AtClo-3 gene expression to 
abiotic and biotic stresses. This is summarised in figure 7.1. 
 
The widespread occurrence of caleosin-like sequences in all true-fungal genomes analysed to 
date is also consistent with the central role of oxylipin signalling pathways in fungal spore 
development, release, fungal growth and maturation (Tsitsigiannis and Keller, 2007). However, 
unlike plants, fungal oxylipin biosynthesis is based upon 20-carbon polyunsaturated fatty acids 
such as arachidonic acid (Erb-Downward and Huffnagle, 2006). Nonetheless, the final result of 
catalysis is the same; the production of a diverse array of oxidized polyunsaturated fatty acids, 
and as such is consistent with the roles of these fungal oxylipins as signalling molecules in 
pathogenesis and possibly in defence against other fungal species. However, the most 
intriguing aspect of plant/fungal oxylipins is fungal pathogen/host interactions. The structural 
similarity of plant and fungal oxylipins (of which AtClo-3 derived products might play an 
important role in both organisms) has given rise to a hypothesis that they are important 
molecules in cross-kingdom communication. This is based upon the Aspergillus-seed 
pathosystem. In vitro studies showed that linoleic acid and its two plant oxylipin products 9S-
hydroperoxyoctadecadienoic acid (9S-HPOD) and 13S- hydroperoxyoctadecadienoic acid 
(13S-HPOD) have differential and sometimes antagonistic roles where 9S-HPOD stimulates 
and 13S inhibits mycotoxin production (Calvo et al., 1999; Burrow et al., 1997). Additionally, 
13S-HPOD inhibits sexual spore production and sclerotial production in Aspergillus nidulans 
and Aspergillus flavus, respectively (Gardner et al., 1998). Moreover, peroxygenase generated 
epoxides and hydroxides such as epoxy-13-hydroxy-octadecenoic acid and 13-hydroxylinoleic 
acid which AtClo-3 is proposed to generate during stress response, both exhibit anti-fungal 
properties (Blee, 1998; Prost et al., 2005) which is consistent with this model. AtClo-3 fungal 
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and plant/host generated products might also play a competing role in signaling between the 
pathogen and host.  
 
It is interesting that the Opisthokonta (animals and fungi) has been expanded to include the 
primitive single-celled eukaryotes, the protozoa (see figure 7.2) and is now generally regarded 
as a monophyletic group that is descended from a common single-flagellate Protist ancestor 
and (Steenkamp et al., 2006). However, this raises a difficult question about the wider origin 
and fate of caleosin genes as both green plants (Viridiplantae) and fungi possess caleosins 
whereas animals (that are phylogentically more similar to fungi than plants), do not. It is 
possible to speculate that there was a common Protist ancestor of Viridiplantae and 
Opisthokonta that had caleosin gene(s) but this raises the question of what happened to these 
genes in animals and organisms such as yeast where they now appear to be completely absent. 
Indeed, vigorous highly relaxed BLAST searches comparing the similarity of caleosin primary 
structure to animal and yeast amino acid sequences revealed no homology (data not shown). 
 
Biochemical studies revealed that AtClo-3 protein was associated with microsomal and 
chloroplast envelope fractions, where it exhibited a type I membrane orientation (Singer, 1990) 
with about 2 kDa of its C terminal facing the cytosol. However, the investigation was 
biochemically unable to determine whether AtClo-3 protein was derived from endoplasmic 
reticulum, tonoplast or plasmalemma membranes, or indeed any combination of these, but this 
suggests that one or more of these membrane systems may be sites of oxylipin metabolism in 
plants. Intriguingly, preliminary immunocytochemical and TEM studies tentatively suggested 
the presence of AtClo-3 within chloroplast envelope and the plasmalemma membrane. Plastid 
envelopes (Maréchal at al., 1997) and the plasmalemma membrane are well-known locations 
for enzymes of oxylipin metabolism for defence purposes both chemically as fungicides and 
structurally for cuticle synthesis (Blee, 1998; Blee, 2002, Lequeu et al., 2003). The data 
therefore suggests that AtClo-3 occurs in multiple membrane locations in leaf cells, which is 
consistent with its involvement as a putative peroxygenase in responses to biotic stress. 
However, this raises another intriguing question: what is the purpose of AtClo-3 as a putative 
peroxygenase strongly upregulated during abiotic stress? 
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Analogous to AtClo-3 are the Pathogenesis-related proteins (PR proteins), known to function 
in higher plants as a protein-based defensive system against chiefly biotic stress especially 
against pathogen infection. Indeed, AtClo-3 is induced via the SA-mediated NPR1 system (see 
chapter 5). PR proteins are induced by pathogens, by pest attack and the phytohormones SA 
and JA. Their mode of action as chitinases is to hydrolyse fungal cell wall chitin, thereby 
inhibiting the growth of fungi (Kasprzewska, 2003). PR proteins constitute a large family of 
proteins and are generally classified into 16 subfamilies (Park et al., 2004; Van Loon et al., 
1994; Van Loon and Van Strien, 1999). Many PR proteins are also induced by abiotic stresses 
such as osmotic imbalance (Kasprzewska, 2003). Indeed, it is well recognised that both biotic 
and abiotic elicitors often induce the synthesis and accumulation of the same secondary 
metabolites, however, the explanation of the common features of both elicitor signal 
transduction pathways is not properly understood (Zhao et al., 2005). More recently, a neutral 
PR protein (PR-5), with homology to thaumatin was found to be induced by both pathogens 
and salt stress (Tachi et al., 2009), and might function as an inhibitor preventing fungal growth 
(Rebmann et al., 1991). However, it has also been implicated in osmotic stress (Kononowicz et 
al., 1992) and freezing stress (Chun and Griffith, 1998) displaying so-called antifreeze activity 
(Kasprzewska, 2003). 
 
The molecular basis of PR-5 and other PR proteins, and indeed AtClo-3, mode of action in 
these defensive mechanisms against abiotic stresses remains uncertain. However, it is also 
proposed that PR proteins may play a role in the generation of signalling molecules in abiotic 
stress responses (Kasprzewska, 2003) and as such putative AtClo-3-mediated generation of 
epoxy and hydroxyl fatty acids might also exhibit a similar abiotic signalling function. After 
all, some oxylipins elicit potent signalling properties (Blee, 1998) the synthesis of which 
involves reactive oxygen species (ROS). ROS, a common component of both abiotic and biotic 
stress, generate cyclic oxylipins which function as signalling molecules in the activation of 
gene expression for general plant defence (Loeffler et al., 2005). Moreover, ROS, in particular 
H2O2, function as potent signalling molecules during stress particularly biotic stress. This 
investigation determined that AtClo-3 is induced by H2O2 while the npr1-1 mutant showed that 
this induction is in part SA-dependent, partly caused by benzoic acid 2 hydroxylase stimulation 
(see chapter 6). 
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The present investigation speculates a role for AtClo-3 in biotic stress mediated biosynthesis of 
cuticle monomers (see chapter 6 and below), however, the upregulation of AtClo-3 protein 
during osmotic stress with a putative increase in the biosynthesis of cuticle monomers could 
play a role in limiting water loss through the surface of leaves at a time when water 
conservation is critical to plant survival. Recently, a clade of genes within a family of 
desaturase genes whose products might function in cutin synthesis was found to be upregulated 
in Arabidopsis during salt stress (Kosma and Jenks, 2007).   
 
The role of lipid peroxygenases in the synthesis of oxylipin products of polyunsaturated fatty 
acids has been established in seed tissues from a range of plant species (Hamberg, 1991; 
Hamberg & Hamberg, 1996). In seed tissues, peroxygenases appear to have a role in the 
generation of anti-fungal metabolites such as hydroxy-epoxy fatty acids (Prost et al., 2005; 
Hamberg & Hamberg, 1996) therefore implying the role of AtClo-3 as a putative cytochrome 
P450-related peroxygenase involved in producing hydroxyl and epoxy fatty acid derivatives 
with anti-fungal properties. Screening studies with Brassica napus plants have shown that a 
range of oxylipins, including hydroxy and hydroperoxy fatty acids, had varying degrees of 
anti-fungal activity to such pathogens as Leptosphaeria maculans, Alternaria brassicae and 
Sclerotinia sclerotiorum (Granér et al., 2003; Prost et al., 2005) and as such consistent with 
this investigations’ observations.  
 
It is interesting that Stahl (2006) described L. maculans first line of defence as the PAMP-
triggered deposition of the glucan polymer callose at the site of pathogen contact of the cell 
wall. AtClo-3 expression might be triggered by PAMPs and as such provide an additional layer 
of defense in cuticle synthesis and complement callose deposition. Recent work demonstrates 
that ABA is induced by L. maculans pathogen recognition and enhances the deposition of 
callose, implicating ABA in biotic stress adaptations (Kaliff et al., 2007). However, it has also 
been suggested that induction of ABA during biotrophic pathogenic challenges might interfere 
with SA-dependent defences (Nishimura et al., 2003), whereas it might enhance protection 
against necrotrophic attack activating many ABA-specific
 
and ABA/JA-related defense genes 
(Adie et al., 2007). While AtClo-3 induction is relatively insensitive to JA signalling, the 
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potential necrotrophic pathogen-ABA coupled induction of AtClo-3 could provide the plant 
with an extra layer of resistance. 
 
Furthermore, PAMP-triggered callose deposition and glucosinolate activation requires two 
genes PEN2 and PEN3 which encode myrosinase (a type of β-thioglucoside glucohydrolase) 
(Clay et al., 2009). Glucosinolates of which the activated forms possess anti-fungal properties 
are derived from aldoximines through the oxidation of aromatic amino acids tryptophan and 
phenylalanine by the CYP 79 family of cytochrome P450 monooxygenases (Bednarek et al., 
2009).  Not only are these important enzymes of the oxylipin pathway, the same family of 
monooxygenases are responsible for the synthesis of camalexin (3-thiazol-2-yl-indole) the 
characteristic phytoalexin of Arabidopsis (Glawischnig, 2007; Bednarek et al., 2009). 
Camalexin is also reported an additional layer of defense in Arabidopsis against L. maculans 
(Stahl, 2006). Camalexin synthesis is also induced by SA (Glawischnig, 2006). Therefore, the 
global increase in pathogen-triggered P450 monooxygenase and P450 monooxygenase-like 
enzymatic activity (peroxygenase) might act synergistically with potential SA induced 
camalexin and AtClo-3 to provide Arabidopsis with a further and complementary anti-fungal 
protection.  
 
The caleosin-like barley BCL-4 gene was found to be induced by SA and DCINA however 
only very slightly by JA (Beber et al., 2000) which is consistent with observations in this 
study. Interestingly, this barley caleosin-like gene is so highly upregulated that it is now used 
as a marker in studies of chemically induced resistance, or CIR (Hückelhoven et al., 2003). 
However, intriguingly, online microarray data shows that the sensitivity of Arabidopsis AtClo-
3 gene expression to SA and BTH is rather limited (Bio-array resource). Moreover, a recent 
microarray study evaluating SA-induced genes in Arabidopsis failed to mention AtClo-3 
induction. While this might be a function of the lower SA concentrations utilised in these 
studies (10 µM of SA) (Bio-array resource) or the relative induction of AtClo-3 below the 
threshold of more highly induced genes, nonetheless, highlights the importance of 
experimentally verifying online microarrray data with more traditional gene expression 
techniques such as Northern blotting or RT-PCR.  
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More recently, the same barley caleosin-like gene was shown to be upregulated following 
attack by the aphid species, Rhopalosiphum padi and Metopolophium dirhodum (Richerioux, 
2007). The author demonstrated that barley caleosin was strongly upregulated in response to 
aphid herbivory in resistant plant lines. This is consistent with the induction of P450 
monooxygenase synthesised glucosinolates of which the PEN2-mediated activated derivatives 
(isothiocyanates) elicit strong insect defence complementing caleosins role against insect 
attack. It is interesting that the barley caleosin was not detectable in susceptible lines, 
indicating that elements of this particular oxylipin pathway may not be operating in susceptible 
plants, possibly due to a lesion in an upstream signalling component. Moreover, although JA is 
very important in the regulation of plant-insect interactions to which AtClo-3 is not highly 
responsive, ethylene and salicylic
 
acid also play important roles (Browse and Howe, 2008). 
 
Another important aspect of this study was the phosphorylation status of AtClo-3. The 
predicted presence of one tyrosine kinase and three protein kinase CK2 sites suggests 
phosphorylation might play a role in somehow regulating the function of AtClo-3. The results 
are consistent with this view, in that stress induced the phosphorylation of AtClo-3, while 
pharmacological studies suggested that it was the CK2 phosphorylation sites that are 
phosphorylated by stress. Moreover, AtClo-1 was shown to be phosphorylated via a CK2 motif 
(Hanano et al., 2006). Although the data does not completely exclude the tyroine kinase 
domain from being phosphorylated, unlike animals, plant genomes do not encode receptor 
tyrosine kinases. However, plants contain several potential dual specificity kinases (DSKs) that 
are able to phosphorylate Ser/Thr and Tyr residues, (Rudrabhatla et al., 2006), uncertainty 
remains on the number of true protein tyrosine kinases (Chi et al., 2007; de la Fuente et al., 
2006). Therefore, this implies that Tyr phosphorylation in plants might occur less frequently 
than in animals.  This was the reason as to why AtClo-3 CK2 sites as opposed to the single 
putative tyrosine kinase site were thought likely subject to stress-induced phosphorylation (see 
chapter 6). Furthermore, CK2 phosphorylation targets include Ca
2+
 binding proteins such as 
calmodulin, sarcalumenin, calsequestrin, calnexin and calreticulin (Baldan et al., 1996). 
Moreover, CK2, a pleiotropic acidophylic serine/threonine protein kinase, exhibits a very 
broad target specificity likely phosphorylating many hundreds of distinct protein within 
different parts of the cell (Litchfield, 2003) of which AtClo-3 seems now a likely candidate. 
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Indeed, CK2 is ubiquitous in eukaryotic cells and located in both nucleus and cytoplasm 
(Baldan et al., 1996). As the list of CK2 potential targets continues to grow, it is clear that CK2 
has the potential to participate via its phosphorylating ability in the regulation of a diverse 
selection of cellular processes in cell proliferation, development and regulating the cell cycle to 
an involvement in stress signaling (Espunya et al., 2005; Moreno-Romero et al., 2008; Riera et 
al., 2004). The role of CK2 in stress signaling is intriguing as it also involves Salicylic acid 
(SA) to which AtClo-3 is highly responsive and also NPR1 through which AtClo-3 is regulated 
during biotic stress. 
 
Biotic stress and pathogenic challenge induce SA. However, the SA-mediated induction of NO, 
another important signaling molecule in biotic stress response (HR and SAR), involves a CK2 
(Romero-Puertas and Delledonne, 2003; Zottini et al., 2007). Furthermore, SA treatment 
enhanced the phosphorylation of recombinant TGA2 in vitro which reduced its DNA binding 
ability (Kang and Klessig, 2005). As discussed in chapter 5, TGAs are transcription factors that 
bind to and mediate PR defense genes during SAR which is enhanced by the binding of SA-
induced WRKY DNA binding proteins to W-box sequences in the promoter region of the 
NPR1 (Yu et al., 2001). This investigation shows that SA-induced AtClo-3 is mediated 
predominantly via NPR1 signaling pathway and also implicates WRKYs downstream of 
NPR1. Therefore, CK2 has been implicated in the very mechanism central to the biotic stress 
regulation of AtClo-3 and even affects the DNA binding ability of transcription factors. 
However, no evidence exists as yet linking the direct regulation of WRKYs to the 
phosphorylation status of that WRKY. Nonetheless, MAPK has been shown to induce 
transcription of WRKY genes (Kim and Zhang, 2004).  
 
The involvement of CK2 in stress is not restricted to biotic but is also implicated in abiotic 
stresses.  Rab17, a member of the late embryogenesis abundant proteins (Lea) from group 2, 
responsive to ABA (Rab), or dehydrins, are among the most common plant proteins involved 
in adaptation to water or osmotic stress. Although its exact function is unknown, the Rab 
stress-adaptive response is mediated by phosphorylation by CK2 (Riera et al., 2004). Indeed 
CK2 itself has been directly implicated in abiotic stress. Heat treatment induces relocalization 
of CK2 in eukaryotic cells (Gerber et al., 2000). Saline hypersensitivity is associated with the 
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lack of CK2 regulatory subunits in yeast (Riera et al., 2004), while in plants sugarbeet CK2 
mRNA is induced by NaCl and as such increases salt tolerance (Kanhonou et al., 2001). The 
stress induced phosphorylation of AtClo-3, is therefore, not surprising as phosphorylation of 
thousands of target proteins not only by MAPK, but also by CK2, play an important role in the 
stress response of plants. Nevertheless, phosphorylation of AtClo-3 seems not to affect AtClo-
3 localisation (see figures 6.13 and 6.14), but does it affect its putative catalytic activity? 
 
An additional biochemical study was carried out on the Ca
2+
-binding characteristics of AtClo-
3. This involved treating total protein from stressed against unstressed plants with EGTA, 
additional Ca
2+
 and further EGTA treatment and demonstrated that native AtClo-3 constantly 
binds Ca
2+
 regardless of the stress state. While the abundance of AtClo-3 increases during 
stress, the calcium binding data demonstrate that stress has no effect on the stochiochemistry of 
Ca
2+
 binding and continues to bind one Ca
2+
 atom per AtClo-3 protein. This implies that Ca
2+
 
might be required for structural stability or putative catalytic activity regardless of the stress 
state but raises the question: does AtClo-3 maintain catalytic viability in the absence of Ca
2+
 
binding? Nevertheless, it is unlikely that stress induced intracellular Ca
2+
 rises modulate 
AtClo-3 conformation and thus activity. In this regard, AtClo-3 might be a rather unique EF-
hand Ca
2+
 binding protein in that unlike other Ca
2+
-binding proteins, such as calcium-
dependent protein kinases, it is not directly regulated by stress-mediated transient rises in 
intracellular Ca
2+
 which may modulate its conformation and possibly its putative enzymatic 
activity. Indeed AtClo-3 and other caleosins might be more analogous to Ca
2+
 buffer proteins 
such as parvalbumin as opposed to Ca
2+
 sensors such as calmodulin in that they experience 
minimal structural changes upon Ca
2+
 binding (Gifford et al., 2007; Allouche et al., 1999) but 
these are great enough to impact on migration through polyacrylamide gel.  As such, the effects 
of AtClo-3 global putative catalytic activity are more likely a function of stress-mediated gene 
expression and subsequent protein abundance.  
 
This study showed that AtClo-3 also binds another divalent cation Mg
2+
 which is consistent 
with the view that AtClo-3 requires Ca
2+
 for its structural integrity and not for signaling 
purposes. The high concentrations of Mg
2+
 and its similar properties to Ca
2+
 in the cell makes 
for a potent competitor to Ca
2+
 binding (Gifford et al., 2007). However, many EF-hand Ca
2+
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binding proteins utilize selectivity mechanisms by exploiting the stringent requirement of Mg
2+
 
for six as opposed to seven ligands. Moreover, Mg
2+ 
also has a smaller ionic radius (Gifford et 
al., 2007). Despite this and owing to the relatively high concentrations of Mg
2+
 in the cell, 
some Ca
2+
-specific EF-hands bind Mg
2+
 (Gifford et al., 2007). However, on the other hand, the 
affinity of AtClo-3 for Ca
2+
 might be such that the EF-hand is saturated with respect to Ca
2+
, 
even at resting intracellular concentrations and may not even bind Mg
2+
 in vivo although this is 
possible in vitro and as such may do so in vivo if required. These Ca
2+
 saturated type Ca
2+/
Mg
2+
 
binding EF-hands are found in troponin C and inveterbrate sarcoplasmic calcium-binding 
proteins (SCPs) (Cates et al., 1999; Allouche et al., 1999). 
 
Interestingly an in-depth bioinformatics driven characterisation of all known and putative EF-
hand containing proteins in Arabidopsis could not identify caleosins as proteins possessing EF-
hand domains nor classify them into any of the five phylogenetic clades of EF-hand containing 
proteins (Day et al., 2002). Therefore, their EF-hand domain appears to be divergent from 
other forms that have been classified to date. 
 
7.1.1 Summary 
 
This project has contributed to the characterisation of caleosins in higher plants and may 
initiate further analysis of their synthesis and localisation/function/structure relationships. The 
project demonstrates AtClo-3 responsiveness to a range of environmental stresses, especially in 
leaves and roots, and can be upregulated by multiple signalling pathways, it is phosphorylated 
during stress and binds Ca
2+
, likely necessary for AtClo-3 putative catalytic peroxygenase 
activity. This is the first report of a putative peroxygenase involvement in abiotic stress 
responses. This investigation data also demonstrates that AtClo-3 could be induced in ABA 
mutants and in npr1-1 mutants suggesting that at least some elements of oxylipin metabolism 
can respond both to hormone-sensitive and hormone-insensitive pathways and to non-
expressors of pathogensis related (NPR1) dependent and NPR1-independent regulation  (see 
figure 7.1).  The importance of these and other signalling pathways in regulating responses to 
biotic stress in the Arabidopsis relative, Boechera divaricarpa, was recently shown by Vogel et 
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al., (2007). Indeed, one of the herbivory-related genes discovered in this study was a homolog 
of AtClo-3.  
The more general role of caleosins in abiotic stress has recently been reinforced by the 
observation that an AtClo-3-like gene was upregulated as part of the desiccation tolerance 
response of the non-seed plant Selaginella tamariscina (Liu et al., 2008). The caleosin 
isoforms Clo-4 and Clo-5 are also expressed in vegetative tissues but barely respond to stresses 
such as salt or desiccation (see figure 4.17) and as such may have other roles in plants. It would 
therefore be interesting to determine the roles of these aforementioned caleosins.  
 
7.2 Future work 
 
As discussed in chapter 3, the use of transgenic knock-out mutants provided indirect 
experimental evidence demonstrating the specific transcription factors involved in the 
dependent and independent regulation of AtClo-3 expression. However, future experiments 
should be directed towards: 
1) Experimentally confirming the existence of components of the signal transduction pathway 
leading to ABA-dependent and -independent expression of AtClo-3.  
2) Verify the importance of the various cis and trans-acting elements in the transcriptional 
control of AtClo-3 gene expression in response to ABA. 
3) Correlating an ABA-induced increase in transcription with a change in the nature of trans-
acting elements. 
 
1) Two experiments could be performed to confirm the presence of the DNA binding 
protein. Gel mobility shift assay would identify and confirm the DNA binding 
protein/trans acting elements for the cis-acting elements while south-Western blotting 
would isolate the cDNA of the DNA-binding proteins for the cis-acting elements 
demonstrating the presence of transcription factors. Briefly, this would involve the 
construction of a cDNA library using RNA from differentially stressed Arabidopsis 
leaves. The cDNA library could be subsequently screened on the basis of binding 
activity of proteins (transcription factors) expressed in Escherichia coli to a known 
AtClo-3 cis-element containing promoter sequence (see below). Furthermore, any 
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positive clones could be screened by a DNA-binding assay with the wild-type and 
mutated DNA probes of putative AtClo-3 recognition sites to determine the DNA 
binding specificities of any proteins produced from the clones. A comparison of 
binding activities of potential transcription factors proteins (as a fusion protein) to the 
identified cis-element containing promoter DNA sequence could be performed using 
gel shift assay.  
2) The role of the various putative cis-acting elements in the ABA-dependent and 
independently regulated transcription of the AtClo-3 gene could be investigated by 
fusing the wild type cis-acting acting elements to a truncated CaMV 35S 
promoter/GUS fusion. The ability of the cis-acting elements to confer ABA-
dependent/independent expression of the GUS reporter gene could then be assayed in a 
transient assay system using successive deletion constructs AtClo-3 promoter regions 
as control. AtClo-3 promoter sequence could be used as a probe in a DNA-ligand 
binding assay to temporally identify and characterise the constructs potential 
complement binding-ligands from various stressed tissue. 
Should the cis-elements in a specific region of the promoter be confirmed then a suite 
of mutated sequences of the specific cis-elements could be fused to form a GUS 
construct and transformed into a plant for further analysis. Finally, transactivation 
experiments should be performed using protoplasts from Arabidopsis leaves. 
Protoplasts could be transfected with a) a GUS reporter gene fused to the promoter 
sequence of interest b) the effector plasmid containing the target cis-elements fused to a 
promoter to provide ectopic expression i.e. CaM 35S. 
3) Experiments designed to correlate ABA induction with a difference in the nature of, for 
example the ABRE binding protein will yield more insight into the ABA signal 
transduction pathway. Activation of the AREB/ABF proteins has been shown to require 
an ABA-mediated signal which is probably post translationally modified through 
phosphorylation of which MAP kinases are abundant and widespread components in 
transducing stress signals and subsequent regulation of gene expression. Therefore the 
use of specific MAPK inhibitors could be utilised to verify if kinase mediated 
phosphorylation adds an additional regulatory mechanism to AtClo-3 transcriptional 
control. 
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The experiments in chapter 4 have demonstrated the importance of the biotrophic related 
phytohormones and biotrophic pathogenic challenge to the induction of AtClo-3 at the gene 
and protein level. In addition, SA-independent regulation of AtClo-3 is also important. In silico 
analysis of the AtClo-3 promoter shows that SA-dependent and independent AtClo-3 gene 
regulation is most likely via the binding of WRKY transcription factors to the single W-box 
cis-acting element. To this end, future experiments should aim to confirm then delineate the 
W-box cis- and trans-acting element which is proposed to coordinate this AtClo-3 gene and 
ultimately protein expression. As a first step in analysing the trans-acting factors which may 
affect the transcription of AtClo-3 gene, a screen for the DNA-binding proteins with affinity to 
the AtClo-3 promoter should be initiated. For example protein extracts from salt stressed 
leaves should be prepared and assayed by gel retardation assay against the appropriate 
restriction fragment of the AtClo-3 promoter. Alternatively the yeast one-hybrid system could 
be utilised to identify the trans-acting factors which bind the AtClo-3 W-box. Briefly, a 
sequence consisting of at least three tandem copies of the AtClo-3 W-box sequence should be 
inserted upstream of a GUS reporter gene and integrated into the yeast genome to make a new 
reporter strain. The yeast strain should then be transformed with a cDNA library in which 
random cDNA sequences are coupled to a cDNA sequence encoding an activation domain 
needed for the reporter gene to be transcribed. The rationale is that one of the activation 
domain fusion proteins may be able to recognize and bind specifically to the AtClo-3 W-box 
element upstream of the reporter gene, thereby bringing the activation domain into close 
proximity. The resulting transcription of the reporter gene would be the cue to identify this 
interaction and therefore the trans-acting factor. Should a AtClo-3 trans-acting factor be 
identified, further gel retardation assays could be performed to characterise this protein such as 
to determine its involvement in the AtClo-3 transcription regulation during various stress or 
hormonal treatments.  
 
After the most important sequences to which the protein binds have been identified, synthetic 
promoter constructs using the -45 or -90 CaMV 35S promoters could be used to directly 
demonstrate the function of a particular cis-acting element specifically the W-box in the 
promoter of AtClo-3. 
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Further experiments could include an investigation of the biochemistry of the DNA-protein 
interaction such as how mutations to W-box adjacent sequences affect the binding of the 
WRKY transcription factors should they be identified as those proteins responsible for binding 
AtClo-3 promoter. Experiments should also include the identification of the trans-acting 
factors most likely WRKYs which regulate AtClo-3 independent of SA using NPR1 knockout 
mutants. 
 
Finally, the biochemical investigation presents indirect evidence demonstrating the 
peroxygenase activity of AtClo-3, however future experiments should be conducted to verify 
this. In this regard, full length AtClo-3 cDNA should be PCR amplified and subsequently 
subcloned into a suitable vector system for sequencing followed by subcloning into a yeast or 
E.coli constitutive expression vector.  The expression of recombinant AtClo-3 in transformed 
yeast could then be carried out. Recombinant AtClo-3 should be His-tagged and purified on a 
nickel-nitrilotriacetic acid affinity chromatography column. Peroxygenase activity of the 
purified recombinant AtClo-3 should be analysed by demonstrating the sulfoxidation and/or 
epoxidation activity of peroxygenase activity using thiobenzamide and linoleic acid 
respectively as substrates. 
 
To define a possible role of calcium in the structural integrity and/or activity of AtClo-3, the 
EF-hand domain of recombinant AtClo-3 should be modified by site-directed mutagenesis and 
the catalytic activity of AtClo-3 compared with that of unmodified AtClo-3. 
 
The AtClo-3 protein possesses tyrosine kinase and casein kinase 2 phosphoylation domains. 
Furthermore, while AtClo-3 is phosphorylated during stress and pharmacological studies 
showed casein kinase 2 phosphorylation, future work should verify by incubating recombinant 
AtClo-3 in the presence of casein kinase and  [
35
S]ATP. Furthermore, the catalytic activity of 
recombinant AtClo-3 could be affected by its phosphorylation status and as such the change in 
sulfoxidation of thiobenzamide should be conducted during the in vitro phosphorylation of 
AtClo-3. 
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The proposed functions of AtClo-3 are speculative and as such the verification of microscopy 
determined localisation of AtClo-3 is important to corroborate such a working hypothesis. 
Future spatial expression studies should include in situ hybridization of AtClo-3 using the full-
length digoxigenin labelled riboprobe. The relative labelling differences of the AtClo-3 gene in 
unstressed against stressed tissue should serve to verify the immunolabelling AtClo-3 protein 
studies. Indeed, study of the expression and localisation of isolated AtClo-3 promoter in a 
homologous system should also be conducted by transformation using the β-glucuronidase 
(GUS) reporter gene. The stress mediated spatial expression of AtClo-3 could be verified 
utilising the histochemical assay that measures the enzymatic cleavage by GUS of 5-bromo-4-
chloro-3-indolyl-β-D-glucuronide which has been historically very successful in plants. 
 
Further functional analysis of AtClo-3 could include three experiments: 
1. The peroxygenase activity of AtClo-3 should be confirmed by the pharmacological 
inhibition of plant peroxygenases with organophosphorothioates and subsequent determination 
of recombinant AtClo-3 catalysed sulfoxidation. 
3. Should the putative peroxygenase activity of AtClo-3 be confirmed the use of specific 
Ser/Thr protein kinase and CK2 inhibitors, K252a and 4,5,6,7-tetrabromobenzotriazole (TBB) 
respectively could be utilised on recombinant AtClo-3 in the presence of ATP and protein 
kinase/casein kinase to determine whether the phosphorylation status of AtClo-3 affects its 
catalytic activity.   
2. Phenotypic analysis of a transformed Arabidopsis with AtClo-3 knockout lines created by 
RNA interference technology. Indeed, the production of such a transformants was conducted 
during this investigation (see appendix), however time issues precluded the use of such plants 
for further analysis. However, these mutants should provide an excellent starting point for 
further AtClo-3 studies, which should include: to challenge the transformants with abiotic and 
biotic stress and determine any phenotypic differences to wild type. These experiments should 
help to provide the key to many intriguing questions, which could subsequently be addressed. 
For example, what is the differential stress threshold of an AtClo-3 knock-down transformant 
versus wild type? Moreover, a comparison in the ability of transformants in defending against 
necrotrophic and biotrophic pathogens should be assessed against that of wild-type. A AtClo-3, 
ABA-deficient double knockout mutant could be utilised to determine the extent ABA and 
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AtClo-3 plays in enhancing plant resistance against necrotrophs. Morphological and 
biochemical aberrations could be investigated in transformants lacking AtClo-3, determining 
the extent of AtClo-3 as a peroxygenase in cuticle development and defence against pathogens 
and its potential role in abiotic stress acclimation. 
 
7.3 Output from this study 
 
• Poster presentation ‘Caleosins - a novel family of EF-hand, calcium-binding proteins in 
plants and fungi at the Biochemical Society International Symposium, Glasgow, U.K. 
2004 
 
• Roles of Caleosin abstract publication in Biochemistry Society Transactions, available 
online at: www.biochemsoctrans.org/bst/bs2004/bs2004C106.pdf 
 
• Poster presentation ‘Caleosins- a family of lipid-associated proteins involved in plant 
development and stress responses’ at the 16
th
 International Symposium for Plant Lipids, 
Michigan, U.S.A. 2006 
 
• Function and regulation of caleosins: a family of calcium-binding, lipid-associated 
proteins upregulated during ABA treatment and salt stress abstract publication in 
Current Advances in the Biochemistry and Cell Biology of Plant Lipids, 16
th
 
International Symposium for Plant Lipids 2006, available online at 
www.ispl2006.msu.edu/Proceedings_Book.pdf 
 
• Poster presentation ’Caleosins- a family of lipid-associated proteins involved in plant 
development and stress responses’ (first prize poster) at Plant Science Wales, Cardiff, 
U.K. 2007 
 
• Poster and oral presentation ‘Caleosins: a novel class of lipid-body and membrane-
bound peroxygenase involved in biotic and abiotic stress responses in plants and 
possibly fungi’ at the 18
th
 International Symposium for Plant Lipids, Bordeaux, 2008 
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• Caleosins: a novel class of lipid-body and membrane-bound peroxygenase involved in 
biotic and abiotic stress responses in plants and possibly fungi’ 18
th
 International 
Symposium for Plant Lipids abstract publication available at www.ispl2008-
bordeaux.cnrs.fr/Web_abstracts.pdf 
 
• Poster presentation ‘A membrane bound caleosin isoform that is strongly upregulated 
by biotic and abiotic stresses in Arabidopsis’ at Plant Science Wales, Institute of 
Grassland and Environmental Research, Aberystwyth, U.K. 2008.   
 
• Poster presentation ‘Roles of a caleosin-peroxygenase in oxylipin pathways during 
biotic and abiotic stresses responses in plants’ at Plant Science Wales, Cardiff 
University, U.K. 2009. 
 
• Publication of peer reviewed paper ‘Roles of a membrane-bound caleosin/peroxygenase 
in biotic and abiotic stress responses in Arabidopsis’ in Plant Physiology and 
Biochemistry. 
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Appendix 1: Arabidopsis transformation 
 
Plant transformation methodology 
 
Validating delivery clone by PCR 
The RNAi AtClo-3 gene (CATMA code CATMA2a31540) was received as a pAgrikola 
clone delivery vector distributed in E. coli DH5α stab. The delivery vector confers 
kanamycin resistance. The stab was streaked onto LB plates containing 50 µg/ml 
kanamycin. Then 4 individual colonies were used for validation by PCR. 
 
The selected colonies were grown up in LB broth supplemented with 50 µg/ml 
kanamycin at 37
o
C overnight. Plasmid DNA from E.coli was isolated using QIAprep 
miniprep kit (Qiagen). All polymerase chain reactions were carried out under standard 
conditions using the ReadyMix
TM
 redtaq
TM
 PCR reaction mix with MgCl2 (Sigma) 
according to manufactures’ instructions using a Techne Genius thermal cycler. Briefly, 
25µl of 2x red tag ready mix (1.5 units Taq DNA, polymerase, 10mM, Tris-HCl, 50mM, 
KCl, 1.5mM MgCl2, 0.001% gelatin, 0.2mM dNTP, stabilizers) was added to 0.2ml PCR 
tubes. A 1µl aliquot of the forward and reverse primers was added at a concentration of 
1µM (see below for primer mix details). 1µl of template DNA (CATMA2a31540 plasmid 
DNA) at a concentration of 50ng/ul was added before 22µl of Roche PCR grade water 
was added to make up the total volume to 50µl. 
 
Primers for the specific amplification and thus detection of the AtClo-3 gene fusion 
system (GST) were designed according to published sequences. 
The sequences of the primers employed were: 
 
 
Agri 51 : 5' CAA CCA CGT CTT CAA AGC AA 3' 
Agri 56 : 5' CTG GGG TAC CGA ATT CCT C 3'        
Agri 64 : 5' CTT GCG CTG CAG TTA TCA TC 3' 
Agri 69 : 5' AGG CGT CTC GCA TAT CTC AT 3' 
 
The mix of primers used and the expected size of the PCR products were: 
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Mix 1 (agri51/agri56) = 245 bp + gst length (711 bp) = 956 bp 
Mix 2 (agri51/agri64) = 442 bp + gst length (711 bp) = 1153 bp 
Mix 3 (agri56/agri69) = 145 bp + gst length (711 bp) = 856 bp 
Mix 4 (agri64/agri69) = 342 bp + gst length (711 bp) = 1053 bp 
 
The initial denaturing of template was 5 minutes at 94
o
C and amplified at 94
o
C for 30 
seconds, 55
o
C for 30 seconds and 72
o
C for 2 minutes [35 cycles] and ending with 5 
minutes at 72
o
C. The corresponding PCR products were run out on a 0.8% (w/v) TAE gel 
and stained with ethidium bromide as per standard protocol. (See section 2.6.4).  
Validated E. coli colonies were maintained on LB agar and glycerol stocks supplemented 
with 50 µg/ml kanamycin until further use. 
 
Transformation of Agrobacterium with pSOUP plasmid 
As the pAgrikola vector is based on the pGreen system, it will only replicate in 
Agrobacterium tumefaciens containing the pSoup vector. 
Agrobacteria were transformed with the pSOUP plasmid using an adapted freeze-thaw 
method of Chen et al (1994). Agrobacterium was freshly streaked out on to an 
Agrobacterium medium agar plate. A single colony was taken from the plate and used to 
inoculate 5 ml Agrobacterium medium. This was repeated a further 4 times in order to 
perform 5 separate transformation reactions. Agrobacteria were grown overnight in a 
sealed 50 ml falcon tube at 28
o
C in an orbital shaker at 200rpm. The optimum 
Agrobacterium concentration was judged by eye. Each 5 ml Agrobacterium culture was 
pipetted into a sample tube and centrifuged at 3500 x g for 5 minutes at room 
temperature. A 90 µl aliquot of ice cold Agrobacterium transformation solution (20mM 
CaCl2) was added to each 5 ml cell pellet. A 50ng sample of the pSoup plasmid DNA 
was subsequently added and mixed gently. As the freeze-thaw transformation method 
was chosen, each sample tube was submerged into liquid nitrogen for 1 minute prior to 
transferring to a 30
o
C water bath for exactly 5 minutes. A 900 µl of Agrobacterium 
medium was added to each and incubated at 28
o
C with shaking for 3 hours to allow 
recovery. Transformants were selected by plating out 10-100 µl of the recovered cells 
onto Agrobacterium medium agar containing 10 µg/ml tetracycline and incubated at 28
o
C 
until colonies were visible.  
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Several colonies were validated for the presence of the 9.2 Kbp pSoup plasmid by 
restriction digestion with a suitable restriction enzyme (HindIII) and subsequent DNA 
electrophoresis (see appendix I for pSoup plasmid map). This restriction enzyme 
linearized the plasmid and as such the presence of a 9.2 Kbp band on a DNA gel 
confirmed the presence of the plasmid within the Agrobacteria. 
 
Validated pSoup-transformed Agrobacteria colonies were maintained on Agrobacterium 
medium agar and in glycerol stocks supplemented with 10 µg/ml tetracycline until further 
use. 
 
Transformation of Agrobacterium  pSoup cells with RNAi AtClo-3 delivery vector. 
Transformation of Agrobacterium containing the pSoup plasmid with the RNAi Clo3 
gene was carried out as in section 2.8.3. Briefly, Agrobacterium from a glycerol stock 
containing the pSoup plasmid required for transformation were freshly streaked onto an 
Agrobacterium medium agar plate supplemented with 10 µg/ml tetracycline and 
incubated at 28
o
C for 2-3 days. A single colony was taken from the plate and used to 
inoculate 5 ml of Agrobacterium medium supplemented with 10 µg/ml of tetracycline. 
The resulting culture was transformed by the freeze-thaw method with 450ng of QIAprep 
Spin Miniprep purified AtClo-3 Plasmid cDNA. Agrobacterium transformants were 
selected on Agrobacterium medium agar plates supplemented with 10 µg/ml tetracycline 
and 50 µg/ml of kanamycin. Several colonies were validated for both pSoup and the 
pAgrikola AtClo-3 delivery vector by restriction enzyme digest and PCR, respectively. 
Successful Agrobacterium transformants were maintained on Agrobacterium agar plates 
or stored as glycerol stocks supplemented with 50 µg/ml kanamycin and 10 µg/ml 
tetracycline. 
 
Preparation of Agrobacterium suspension 
A single colony of transformed Agrobacterium was grown in 5 ml of Agrobacterium 
medium supplememted with 10 µg/ml tetracycline and 50 µg/ml of kanamycin and 
incubated at 28
o
C for 30 hrs with shaking. The resulting culture was used to inoculate 
250 ml of Agrobacterium medium supplemented with the appropriate antibiotics and 
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incubated at 28
o
C overnight with shaking. The cells were pelleted at 6000 x g for 5 
minutes and resuspended in 250 ml 5% sucrose / 0.05% Silwet-L77. The resulting 
Agrobacterium suspension was decanted into a 1 litre plastic beaker ready for the floral 
dip. 
 
Arabidopsis transformation 
Arabidopsis thaliana (Columbia ecotype) was grown in soil (3 seeds per pot) under glass 
at 22°C day/15°C night under long day conditions (16 hr light/8 hr dark cycles) to 
flowering stage. The apical meristem was occasionally clipped to encourage branching 
and more flower buds. The inflorescences were dipped into Agrobacterium suspension 
present in a 1 L plastic beaker and swirled for 5 seconds. Excess Agrobacterium 
suspension was removed by gentle shaking of each potted plant. Each plant was covered 
in polythene plastic wrap and left in the low light lab environment overnight. Next day, 
the plastic wrap was removed from each plant. The plants were then returned to the glass 
house for growth under standard glass house conditions with limited watering prior to 
complete withdrawal of watering 20 days after removal of plastic wrap.  
 
Seed harvesting 
Dried seeds and silique debris were collected onto white paper positioned under each pot. 
The seeds were separated from the silique debris by sieving through a metal sieve. This 
was repeated three times until a relatively clean preparation of seed was obtained. 
 
Plant transformation results
Validating delivery clone by PCR
DNA gel electrophoresis of Clo-3 RNAi GST detected by PCR of the recommended 
Agrikola primers (Agri 51, Agri 56, Agri 64 and Agri 69). The expected size of the 
PCR products corresponding to the mix of primers used confirms the presence of the 
GST within the pAgrikola delivery vector (see chapter 2, section 2.5.1).
PCR ladder agri51/agri64 agri51/agri56 agri54/agri69 agri56/agri69
1000 bp
800 bp
600 bp
256
Validating the transformation of Agrobacterium with pSOUP plasmid
DNA restriction digest with Hind III confirming the presence of the 9.2 kbp pSOUP
plasmid in Agrobacteria. The four lanes represent five individual Agrobacteria
colonies picked for validation after pSOUP transformation (see chapter 2, section 
2.5.2).
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